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SUMMARY OF CALIBRATIONS FOR ELECTRONIC MEASURING DEVICES 


Electronic Measuring Device 


Consol idometer LVDT (1000 HR) 
Volume change LVDT (500 HR) 
Triaxial External LVDT (1000 HR) 


(iMPe strain Gauge: Back Pressure 
Transducer 


7 MPa S.G. Confining Pressure 
Transducer 


35 MPa S.G. (Air Cooled) Back 
Pressure Transducer 


35 MPa Strain Gauge Confining 
Pressure Transducer 


35 MPa S.G. Upstream Back Pressure 
Transducer 


35 MPa S.Ge Downstream Back Pressure 
Transducer 


500 kPa Validyne Differential Pressure 
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Membrane Description: 


Silicone Rubber Mow Corning RTV3120) 
Internal Diameter = 76.2 
Wall Thickness = 8.3 no 


0.00 O.05 GO. 10 OLAS G.2u 
Deflection (inches) 


FIGURE A15 Triaxial Rubber Membrane Compliance at 
Elevated Temperatures 
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Extension Testing Apparatus Used at 
Elevated Temperatures in an Oven 
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TEST) COS1 


Undrained Thermal Expansion of Saline Creek 
Oil Sand Sample No. 5 Under Nominal 
Effective Confining Stress from 24 - 200°C 


Procedural Details: Test COS 1 


Saline Creek sample no. 5 was warmed to room temperature 
(approximately 24°C) under a nominal vertical confining 
stress of sufficient magnitude to prevent expansion of the 
samp le. 

The vertical stress and back pressure were increased 
simultaneously to approximately 2000" KPa 3(290 psi) “in 200 
kPa increments. The sample was left to saturate under this 
2000 kpa back pressure for a period exceeding 24 hours. 

The back pressure valve was closed isolating the 2000 kPa 
back pressure in the cell. 

(ore | temperatures were elevated in stages as follows: 24°C, 
6050, 1007615070. 2004Cr 

The applied vertical stress was adjusted continuously to 
maintain approximately zero effective vertical stress in 
the sample as temperature increased. 

The sample height (i.e. piston postion) was monitored 
throughout the test. 

A significant volume change in the order of 60 percent was 
observed when the temperature was raised from 150°C to 


200°C. This volume change is believed to have been due to 
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gas exsolution and/or phase change of pore fluids adjacent 
to heating rods in the test icell. i+ is believed that 
local overheating may have occurred when such a_ large 


temperature increment (50°C) was applied. 
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FEST COSZ 


Undrained Thermal Expansion of Saline Creek 
Oil Sand Sample No. 32 under Nominal Effective 
Contining Stress (50 kPa) from 20-200°C 


Procedural Details: Test COSE 
Ls eee 


Sample No. 32 was warmed to room temperature under confined 
conditions to prevent thermal! expansion of the sample. 

The sample was saturated under confining and back pressures 
of approximately 2000 kPa for a period exceeding 24 hours. 
The 2000 kPa back pressure was then shut in and drainage 
prevented. | 

Cell temperatures were increased in 10°C increments up to 
Z00 Cs 

The confining pressure was adjusted continuously to 
maintain approximately 50 kPa effective vertical stress in 
the’ sample as heating proceeded. 

Ar 180°C. hhe Seek pressure and confining pressure were 
increased to 2500 kPa to prevent large volume changes 
associated with phase change and/or gas exsolution. 

The test was terminated at 200°C after the development of a 


leak in the back pressure system. 
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WESTCGSS 


Undrained Thermal Expansion under Nominal Effective 
Contining Stress (50 kPa) and Gas Exsolution Test For 
Saline Creek Oil Sample No. 32 at Temperatures from 25-242°C 


Procedural Details:-..Test COS 3 


1. Saline Creek Sample Noe 32 was confined under a nominal 
confining pressure to prevent thermal expansion as it 
warmed to room temperature. 

2. The sample was saturated under confining and back pressures 
of approximately 2000 kPa for a period exceeding 24 hours. 

Se, ine Vert tical confining pressure and back pressure were 
initially reduced to 200 kPa. The back pressure valves 
were then shut in. 

4. The cell temperature was raised in 5°C increments. 

5. Confining and back pressure were increased only when 
required to prevent phase change/or gas exsolution of The 
pore fluids. | 

6. Each time that large volumetric expansion was observed 
which was believed to be due to phase change/gas 
exsolution, the cell temperature was immediately decreased 
to the previous temperature increment. The confining 
pressure was increased gradual ly during these mini 
cool-down phases to maintain near-constant back pressure 
and to re-establish the previous sample volume. 


7. The confining and back pressures were Then increased 
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simultaneously prior to applying the next temperature 
increment. 

The purpose of the above procedure was to attempt to define 
a pressure-temperature relationship corresponding to gas 
exsolution and/or phase change of the pore fluids. 

The test was terminated at 242°C due to an electrical power 


shut-down at the University of Alberta. 


| se le ee ante 
ont tem A geo oe he ne 
4 es preanged? banc 
yablget CAN it i 
Puy! ae tan ra ae Ny 4 
ee 
af 


NN ee aa ra Ly aK 


Page 543 


000d 


o0ss 


0003 


o0oss 


¢SOO +SeL 


oocs 


oosh 


s0W] | SNS4®A eunpesodue) 


SBLNGS SH 
000h oose ° o0ce 


6€ 3YNd! 4 


00S2 0002 


0083 


ooo} 


oos 


os 


os 


ort 


ont 


OLt 


oo2 


oe2 


os2 


at 


se 
* 


uray ha Dele 


\ 
\. 
eg ET ty 
- 
. 
& 
- ~h 
< 
— 
ne 
. 
; 
= 
J te 
w 
s 


* 
a | . 


ae 


\ 


ee ee 
~ 
U 
er, 
’ 


| £92 


wa ; 


Le" It Pwr’ 


reat 


aes Me 
oh kote Pn . 
Fee Melis et oat 4 
al one 
. a ee 
7 ie 
4" ; ee | 
48, a : a < 
(ce Mee Ni 
hh? fae “Al fe 
ive, 13 of 
x a r 
- if 
py eee 
=a 1 put 
a ARMED 2d 
‘S ‘ey 
HAL \ a) 
‘> ee me <f ot 
a iS sé 
i a 
rar) its viahe ee: 
; , iS oP 
* f 7 ef 
oa et ‘ 
{ ia Be 
Ges ty 
p . ° . 
‘ 
' 
= j 
y“ 
Fe 
re } 
reve x 
a A 
+9 Li 
ih! "“ 
oes, ! 
‘ vl, 
‘ i i af 
“Ee f 
‘: YF 5 Ae ( % in 5) ; ri 4 —- | ’ ; 
Z A a “2 Wane “Aye. ‘ 4 LEG 
: 2 aN j iw usp 5 “a sa 
i Mi) yee Ld . ay a ae ‘ it ; 
x is Wer at > i r r Li ase i oe ae 7 
i . re }) we ,- = a 7.7) ue) Fe 


€SOD 4881 f9wW!] SNs4eA eunsseig yOeQg 1g FUND] 


GaLNNTe STL 


0002 00s9 0008 00Ss 000s Oosh 000h oose o00¢ ose 


0002 60st 


ooot 00s 0 


Page 544 


oose oooEe o0s2e 0002 Oost ooot oos 


oooh 


i 


; | Neale te : iD iy a 
tk ae Bir eet + PAY ny ue 
A ea ee 


Pay Ses 
Ue ee 


‘ ee “s . ie ‘ 
i es 
‘ weal 


Rah 
nit ye me 


Page 545 


0002 


00s3g 


coos 


ooss 


€SOD +SOL saws) snsuea 4yBjayH oj dwes 118 3uNdIS 


SAL BL 


000s o0sh oooh o0SE G00E o0se oost 9001 oos 0 


0002 


TT30 SHI NI dGLun SNOGNUULXE 


GNY Sflldtidddd 1531 30 NOTSNUDG MRGHL WO CLIGRROD LON 


os°’2 


02°E ore 00°Ee 06°2 08°2 aL*e os*2 


oe °e 


60) LHOGH Fis 


' 
» 
' 


Pp | a ~ 
ry? aPPene+ Be) Sle 


I ea, : my i 
ai a 
aa Ye 


-_) > & 
Tua * al U f 
4 Ae “4 ¥ 


4 er) mt wy 
_- hi a] : it} AR 
a hed | : 

‘eae, 


. = 7 4 at iy 


Page 546 


oos 


062 


O82 


ole 


082 


ose 


one 


o6e 


£SOD 4SeL 


2uo;suedxg3 jew4eyl S!4pewn|oA peujeupun 


© 030 AUASEEL 


oe Of2 002 O63 O8f OL OSf OSS OHS O88 Get 


os*ot 00°6 os*L 0o°s os*h oo0°s os*t oo°o 


00°21 


@O SONU SUITDA 


ey “ ae 


4 


' y Ai ahh : 


| Hat 
Sean tela 


Page 547 


TEST COS4 


Undrained Thermal Expansion of Saline Creek 
Oil Sand Sample No. 38 under Nominal 
Effective Confining Stress (50 kPa) and over the 
Temperature Range 25-300°C 


Procedural Details: Test COS4 


6. 


Sample noe 38 was warmed to room temperature under nominal 
confining pressure to prevent thermal expansion. 

The sample was saturated under back and confining pressures 
of 2000 kPa for a period exceeding 24 hours. The 2000 kPa 
back pressure was then shut in. 

The cell temperature ae raised in 5°C increments. 

The confining pressure was adjusted continuously during 
heating to maintain approximately zero effective vertical 
stress on the sample. 

Back pressures and confining pressures of sufficient 
magnitude to prevent phase change and/or gas exsolution 


were applied as follows: 


Back Pressure 


Temperature Range 


Zoi POO Ue : 2000 kPa 
ot = 2007 ¢ 5000 kPa 
2Ot =) SO0FC 15000 kPa 
300 - 25°C (cool down) 15000 kPa 


Sample height was monitored during the test. 
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TEST, .COSS 


Undrained Thermal Expansion and Pore Pressure 
Response to the Undrained Heating of Saline Creek 
Oil Sand Sample No. 18 at Effective Confining 
Stresses 0.05 - 6-0 MPa and Over the 
Temperature Range 20 - 292°C 


Procedural Derails: [est COS) 


Sample No. 18 was saturated at approximately 2000 kPa 

(290 psi) back pressure for 24 hours +. 

Confining pressure and back pressure were increased 
simultaneously to approximately 5000 kPa (725 psi). 
Continitng pressure was then increased to approximately 
11,000 kPa (1600 psi) In 200° kPa increments. 

The sample drainage valves were closed and a back pressure 
of 5000 kPa (725 psi) was shut in. 

The sample was heated incrementally with The confining 
pressure held constant and the increase in pore fluid 
pressure (back pressure) was monitored during undrained 
heatinge After the back pressure had increased to equal 
the confining pressure (ram pressure + piston friction), 
heating was continued up To 150°C with approximately zero 
vertical effective stress on the sample. 

The confining pressure was then increased to approximately 
17,000 kPa while the back pressure was maintained at 


approximately 11,000 kPa. Drainage of pore fluid from the 
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sample was permitted under this effective stress level 
(approximately 6000 kPa). 

The back pressure of approximately 11,000 kPa was shut in 
and further drainage prevented. 

Heating of the sample above 150°C was continued and the 
undrained pore pressure increase was monitored until it 
equalized with the confining pressure. This pore pressure 
build-up occurred very rapidly, as anticipated. 

Heating of the sample under approximately zero effective 
vertical stress was continued up to 292°C when leakage pas 
the O-ring seal occurred causing a sudden drop in the back 
pressure and allowing sudden uncontrolled pore fluid 


drainages The test was terminated at this point. 
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FIGURE B25 Pore Pressure Response to Undrained 
Heating: Test COS5 
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TEST COS6 


Drained Thermal Expansion of Saline Creek Oi| 
Sand Sample No. 10A at 6 MPa Effective 


Confining Stress and Temperatures from 20 - 300°C 


Procedural Details: Test COS6 


Sample noe 10A was warmed to. room temperature under 
confining pressure of sufficient magnitude to prevent 
thermal expansion of the sample. 

The sample was saturated over a period exceeding 24 hours 
under confining and back pressures of 2000 kPa. 

The back pressure and confining pressures were increased 
simultaneously in increments of 200 kPa to approximately 
5000 kPa. 

The confining pressure was then increased to 11,000 kPa and 
the 5000 kPa back pressure was maintained. The back 
pressure line was left open to permit drainage of fluid 
from the sample and communication of fluid pressure with 
the volume change cell. 

The cell temperature was increased in 5°C to 10°C 
increments to 200°C and sample height was monitored along 
with the volume change of the pore fluids. 

The confining pressure was then increased step-wise To 
21,000 kPa while the back pressure was increased to 15,000 
kPa maintaining a constant 6000 kPa difference between The 


confining and back pressures. 
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The cell temperature was then raised in 10°C increments 
from 200°C to 300°C. The sample height and volume of- pore 


fluid drained from the sample were monitored continuously. 


It should be noted that a small system leak developed 
between temperatures 108°C and 140°C. It is estimated that 
approximately 1 to 2 ml of pore fluid escaped from the cel| 
prior To repairing iMiis leak. Accordingly, the volume 
change data presented may be in error by as much as 2 


percent for this test. 
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Test COS7 


Drained Thermal Expansion of Saline Creek Oi| 
Sand Sample No. 10B at Nominal Effective 


Contining Stress and Temperatures from 20 - 300°C 


Procedural. Details: ' test COS7 


Sample 10B was warmed To room temperature under a nominal 
confining pressure of sufficient magnitude to prevent 
thermal expansion of the sample. 

The sample was saturated for a period Ot, 24 hours; under a 
back pressure of 2000 kPa. 

Confining pressure and back pressure were increased 
simultaneously, step-wise to 5000 kPa. The back pressure 
line was left open to permit communication of pore fluid 
drainage with the volume change measuring apparatus. 

Cell temperatures were increased in H°O to 10°C imerements 
up to 200°C. 

Confining pressure and back pressure were increased 
Simultaneously, stepamice from 5000 kPa to 15,000 kPa. 
Cell temperatures were then increased in 5°C to ona 
increments from 200°C. to 300°C. 

Sample height and pore fluid drainage volume were monitored 


continuously throughout the test. 
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TEST COS8 


Undrained Thermal Expansion at Nominal 
Effective Confining Stress and Gas Exsolution Test 
for Saline Creek Sample No. 42 from 20 - 300°C 


Procedural Details: COS8 


Saline Creek Sample No. 42 was confined under a nominal 
pressure to prevent thermal expansion and fabric 
disturbance as it warmed to room temperature. 

The sample was saturated under confining and back pressures 
of approximately 2000 kPa for a period exceeding 24 hours. 
The vertical confining pressure and back pressure were 
initially reduced to 200 kPa. The back pressure was then 
shut ine 

The cell temperature was raised in 5°C increments. 
Confining and back pressures were increased only when 
required to prevent phase change/or gas exsolution of the 
pore fluids. 

Each time significant volumetric expansion was observed 
which was believed to be due to phase change/gas exsoluton, 
the cell temperature was immediately decreased TO 1he 
previous incremental temperature level. The confining 
pressure was increased gradually during these fA Iteoo)} = 
down phases to maintain near-constant back pressure and to 


re-establish the previous sample volume. 
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The confining and back pressures were then increased 
simultaneously prior to applying the next temperature 


increment. 


The purpose of the above procedure was to attempt to define 
a pressure-temperature relationship corresponding to gas 
exsolution and/or phase change of the pore fluids. 

The test was terminated at 300°C. Sample volume change was 


monitored during cool-down. 
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TE oy, COS? 


Undrained Thermal Expansion of Saline 
Creek Sample Noe 41 at 10 MPa 
Back Pressure from 20 - 300°C 


Procedural Details: —COS9 


8B. 


Sample noe 41 was warmed To room temperature under a 
nominal confining pressure of sufficient magnitude to 
prevent thermal expansion of the sample. 

The sample was saturated for a period of 24 hours under 
confining and back pressures of 2000 kPae 

Confining pressure and back pressure were increased 
simultaneously, step-wise to 10,000 kPae The back pressure 
line was shut in. 

A room temperature compressibility test was performed over 
the effective stress range 2 - 18 MPa. 

Cell ‘temperatures were increased in S°Cato 10°C: inchements 
up to 300°C. | 

Sample neight and undrained volumetric expansion were 
monitored continuously as heating proceeded. 

The thermal expansion test was terminated at a temperature 
of 300°C. The gas exsolution pressure was checked at 300°C 
for comparison with Test Coss. 

A compressibility test was performed at 300°C over The 
effective vertical stress range 4 - 18 MPa. 


Sample volume was monitored during cool-down. 
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APPENDIX C 


ONE DIMENSIONAL COMPRESSION TESTS 
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PERMEABILTY TESTS 
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TEST “CPERM 1 


Room Temperature Permeability Test on Saline Creek 
Sample No. 10C Under 4 MPa Effective Confining Stress 


TEST CRERMaT SAMPLE DATA’ 


Sample No. 10C 


H = 4.877 cm 
Dia. =), VeOZOCM 
c/s Area = 45.604 cm@ 

V S22 2eaeml ue DENSITY: = 24046 Mg/m 
Mass = 455.0 g 

W = 2.5 % of Me Me = $74.84 

B = 18.9% of Me Vo oe (Pa. 4 m| 

Vy = 80.96 ml 


nit tial ROros uty 


n= 0.3564 
Sy = 11.6% 
Sg = (87-58 
Sg = 0.9% 


Note: Differential pressure across the sample could not be measured 
with sufficient accuracy to determine permeability using twin 


34 MPa pressure transducers as illustrated in Figure D2. 
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Test CPERMi 


Pressure Variation With Time: 


FIGURE D2 
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Testo CeeRMEZ 


Permeability Test on Saline Creek Sample No. 10 C 
at 48°C and 4MPa Effective Confining Stress 


ABS. CRERMIZ2) “SAMPLE. DATA 


Pretest Sample No. 10C 


H = 4.877 cm 
Dia. = 7.620 cm 
c/s Area = 45.604 cm@ 
V = 222.41 ml 
Mass = 455.25 9g 
Density = 2.047 Mg/m? 


W = 2.7 Z of Me 
B = 18.9% of M. 
M 5574.06 
V A Pat) 
V = 80.96 ml 


Initial Porosity 


n = 0.564 
Sw = 12.5% 
Sah = «87.5% 


Note: Differential pressure across the sample could not be measured 
with sufficient accuracy to determine permeability using twin 


34 MPa pressure transducers as illustrated in Figure D4. 
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TEST OPERMT DS 


Room Temperature Permeability of Remoulded Oil .Free McMurray 
Sand Sample M1 at 2, 3 and 4 MPa Effective Confining Stresses 


Procedural’ Details: Test CPERM 3 


1. A sample of oil free McMurray Formation sand obtained from 
an outcrop along the High Hill River 40 km east of Fort 
McMurray in a remoulded state was compacted in 5 layers in 
the consolidometer cell. 

2. The system and sample were back saturated under 2 MPa pore 
pressure for 24 hours and at 6 MPa confining stress. 

Ds Flow rate (i.e. volume change with time) and pressure drop 
across the sample were monitored simultaneously at room 
temperature and under effective confining stresses On 28D 
and 4 MPa. i 

4. Pressure difference was measured at flow rates ranging up 


to 10 ml/minute at. each effective confining stress level. 
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TEST CPERM 3: SAMPLE DATA 


Remoulded "Oil-Free'! McMurray Formation Sand Sample 


Sample: Diameter: @ = 7.610 cm 
Height: H = 5.920 cm 
Area: Fa ies beacon 
Volume: V = 269.24 cm? 
Dry Mass: M = 448.8 g 
Dry Density: = 448.8 1.670 Mg/m? 
269.24 
Void Ratio: = 0.587 
Porosity; = 0.370 


Water Saturated Bulk 
Density: ~ = 2.040 Mg/m? 
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FLOW VELOCITY (cm/s*10-4) 


Temperture = 


20 Deg C 


Remoulded Sample 


5.32 cm 


FIGURE D5 


LEGEND 
m—o Effective Stress 
o—o Effective Stress 
o—-« Effective Stress 


0.4 U5 0.8 
PRESSURE DROP (kPa) 


Flow Velocity Vs. Pressure Difference: 


. Test CPERM3 
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TEST CPERM 4 


Permeability Tests on Saline Creek Oi! Sand 
Sample No. 36A at 22°C and 100°C 


Procedural Details: Test CPERM 4 


1. Sample 36A was mounted in the consolidometer under frozen 
conditions. 

2. The sample was thawed and back saturated for 24 hours under 
2 MPa back pressure and 6 MPa confining stress. 

3. Compressibility of the sample was measured at room 
temperature (22°C) over a range of effective stress from 
0.5 - 4.0 MPa. The compressbility test included Three 
cycles of loading and unloading. 

4. A room temperature permeability test was performed by 
circulating water through the sample at flow rates varying 
up to about 4 mi/minute. Effective confining stress was 
maintained constant at 3 MPa. 

5. Back pressure and confining stress were increased 
simultaneously in increments to 10 MPa and 14 MPa 
respectively. 

6. The system and sample were heated slowly up to 100"@. 
Drained thermal expansion and the volume of fluid expel led 
from the sample during heating were measured. 

7. A permeability test was conducted aT 100°C in which 100°C 
water was circulated through the sample. Bitumen was 
flushed from the sample reducing the bitumen saturation 


from 81 percent to 73 percent. 
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Compressibility was measured at 100°C for a range of 
effective confining stresses from 4 - 26 MPa. The test 
included 3 cycles of loading and unloading. 

The sample was cooled down to room temperature and a room 
temperature permebility test was performed at the residual 
oil saturation of 73% and for flow rates varying up to 


about 5 ml/minute. 
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TEST LCRERM) 4: 


Original Sample No. 36A at 2256 


SS. cm 


T.63 cm 


Volume Votdo. = Var Vigne W56SZ Ce 


SAMPLE DATA 


Total Mass = 


52661 .g 
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Total Volume = 258.54 cm? 


. Mass 


W 
Bo = 


Mass 


Sand = 


2.8% 
17.8% 


Bitumen = 


|+wtB 


77265 


Volume Sand = 436.24 


Vip) = 1D. OURCe SB 80.5% 


O27 
N= 18.31 fale: Swe O25 


36% 


Sample No. 36A After 100°C Permeability Test 


5.65 cm 


ah Be 
K San Pad 
DISTRIBUTION OF WATER AND BITUMEN: 


Top VB = 62-8 Sa. 66.8% 
Vig) @ Ble 2 boy = 555<28 
Middle Vg = 68-5 Sy = 72.9% 
Vig 200 5m soy = 271g 


Vii 2oec Sy = 25-23% 


= 259.00 


165-00 
yA 50) CE 


Bitumen = 


2.65, 


Glee g 
15.4% 


= loi oO) ee 


T1238 
IL SO): CE 
28.7% 


g 


526-1-= 436.24 


164.62 cc 


AVERAGE SATURATLONS: 
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Temperature = 100 Deg C 
Effective Confining Stress = 3 MPa 
So denotes O11 Saturation(%) 


k/, (m*¥*2/Pa,s) 


MOBILITY 


LEGEND 
m——® Predicted Values 
o—o© 100 Deg C Test Results 


(Oni : 
0.0 0.5 1.0 1.5 2.0 


FLOW VOLUME per UNIT PORE VOLUME (ml/mL) 


FIGURE D9 Fluid Mobility Vs. Normalized Flow Volume: 
Test CPERM4 
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TEST GPERM 5 


Permeability Tests on Saline Creek Sample No. 31A 
at 20°C and 200°C 


Procedural Details: Test CPERM 5 


Saline Creek Sample No. 31A was thawed and back saturated 
for 24 hours under 2 MPa back pressure and 6 MPa confining 
stresSe 

Cyclic room temperature compressibility was measured over a 


range of effective stress from 0.5 - 5.0 MPa. 


~ Room temperature permeability was measured by circulating 


water through the sample at flow rates varying up to 2.5 
ml/minute.e Effective confining stress was maintained 
constant at 3 MPa. 

The back pressure and confining pressure were increased 
simultaneaously in increments to 10 MPa and 14 MPa, 
respectively. 

The apparatus and sample were heated To Z00<C.) sprained 
thermal expansion of the sample wes monitored. 

A permeability test was performed at 20°C by circulating 
heated water and measuring pressure drop across the sample. 
Bitumen was flushed from the sample reducing the bitumen 
saturation from 86% to 51%. Effective confining stress was 


maintained at 3 MPa. 
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Cyclic compressibility was measured at 200°C over the . 
effective stress range 4 - 19.5 MPa. 

Room temperature permeability as measured at the residual 
bitumen saturation of 51% for flow rates up to about 7.5 


ml/minute. 
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TEST CPERM 5: SAMPLE DATA 


Original Sample No. 31A at 22-6: 


Dilaer Gi = TnO55° Cm 

Area: A = 45.756 cmé@ 

Height: i) =8 5.5 70cem 

Volume: V = 254.86 cm? 

Mass: M = 521.5 9 

wo= 3S Bo =, 166754 Wea DAlos = 

= 12.85 g = 80.28 g T+w+B 
Vo = oWe = 6157 cme 
DOs 
Nips =O 254. SoueeVigs = 295.29 vc? = 36% 
Initial Fluid Saturations; Sy = 13.8% Pale 86.2% 


After Permeability Test at ZOOTG 
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Distribution of Pore Fluids: 


Top. Centres 


Bottom Centre 


Eorro “> 


Top Outside: 


Bottom Outsid 


Final Fluid Saturations: 


Average Top Half: Se = 49-D% Sw 
Average Bottom Half: 53.4% Sw 
Average For Sample: oar 51.4% Sw 
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LEGEND 
e——® Predicted Values 
o—o 200 Deg C Test Results 


Temperature = 200 Deg C 
Effective Confining Stress = 3 MPa 


So denotes O11 Saturation({%) 


e 4 6 8 
FLOW VOLUME per UNIT PORE VOLUME (ml/ml) 


Fluid Mobility Vs. Normailzed Flow Volume: 
Test CPERM5 
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TEST CPERM 6 


Permeability of Saline Creek Oil Sand Sample No. 31B 
at Room Temperature and 250°C 


Procedural Details: Test CPERM 6 


1. Sample No. 31B was thawed and back saturated for 24 hours 
under 2 MPa back pressure and 6 MPa confining stress. 

2. Room temperature permeability was measured by circulating 
water through the sample and measuring pressure difference 
at tlow rates up to about 4 ml/minute. Effective confining 
stress was maintained at 3 MPa. 

3. Back pressure and confining stress were increased 
simultaneously in increments up to 10 MPa and 13 MPa. 

4. The apparatus and sample were heated to 200°Gs @Brained 
thermal expansion of the sample was monitored during 
heating. 

5. A permeability test was performed at 250°C by circulating 
heated water and monitoring pressure drop across The 
sample. Bitumen was flushed from the sample pore space 
reducing the bitumen saturation from 81% to 38%. 

6. Cyclic compressibility was measured at 250°C over a range 
of effective stresses from 4 - 19 MPa. 

7. The sample was cooled down to room temperature and a 
permeability test performed at the residual bitumen 


saturation of 38 percent. 
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TEST CPERM 6: SAMPLE DATA 


Original Sample No. Sibsatr, 20°C: 


Diae: Gl = Psa Cm 
Area: A = 45.756 cm@ 
Height: H = 5.540 cm 
Volume: V = 253-488 cm? 
Mass: M = 515.40 g 
w= 4% BY = 16501 
Wo = 515.4 = 429.14 g 
1+W+B 
Vo = Wo = 161.94 ml 
2.65 

Vy = V- Vso = 91.55 ml 
Sy = 19% So = 81.9 


After 250°C Permeability Test 


Distribution of Pore Fluids: 


Cewrre—~ Top Centre: W = 122 d2e 

Oorsic€ 5) B = 5 eZine 

2 Sourn 29.3% 

Sis HOw be 

Sos fen Bottom Centre: Ww = 12.864 

| | BY = 7.642 

| 5.54 cm on es 37.3% 

i Sy = 62.7% 
aa gone | Top Outside: w = | 1165S 
| B = 6.24% 

So = 34.9% 

Sw! 65-15 

ee ee Bottom Outside: w = 10.74% 

Be = 7 938 

Sous De DS 

Sw = 57.5% 

Final Fluid Saturations: 
Average for Sample Wet Mass = 450.87 Dry Mass = 380-18 
after’ 250°C" test: w = 44.0 ml Bee =""26269 "ml 
= ey i = 4/02 
Sole 62.2% Suerte 37.8% 
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Temperature = 250 Deg C 


9 
8 
7 Effective Confining Stress = 3 MPa 
8 
So denotes O11 Saturation(%) 
bs) 


y 
S) So = 38% 
LESEND | 
e——8 #£=Predicted Values Y 
e@—e 250 Deg C Test Results ° 
2 ee 2 
cane 
ee 
ae 
be ee | 
ie 
{OSes ° 4 
Shag) - 
8 1 
: 1 
5 7 
LE i 
Sie vA 
oa 


yey) Ta3 10.0 
FLOW VOLUME per UNIT PORE VOLUME (ml/ml) 


FIGURE D15 Fluid Mobility Vs. Normailzed Flow Volume: 
Test CPERM6 
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TEST pCPERM. 7 


Absolute Permeability of Saline Creek Oil Sand 
Sample No. 44 (at 20°C and 150°C) and over. a Range 
OTeEFTeehiverStresswinom.2 Tor 1seMPa 


Procedural Details: Test CPERM 7 


Sample No. 44 was mounted and allowed to thaw under 2 MPa 
effective confining stress. 

Bitumen was extracted from the pore space of the sample by 
alternate soaking and flushing; 3600 ml of benzene was 
circulated through the sample over a 10 day period to 
completely remove all the bitumen. Residual benzene was 
removed by flushing with 200 ml of acetone and finally with 
500 ml of water. 

The sample was back saturated for 24 hours uncer 10 MPa 
back pressure and 12 MPa confining stress. 

Absolute permeability was measured at room temperature by 
circulating water through the sample at flow rates up to 10 
mil/minute and measuring the pressure drop across the 
sample. Absolute permeability was measured at effective 
cont ining Stresseset, 7, 5,°4,56,. 10, J4vand) 1 Mra. 
Compressibility of the sample was also measured as the 
effective stress was varied. 

The system and sample were heated slowly To IDOrC. Prained 
thermal expansion and the volume of pore fluic expelled 


from the sample were monitoreed during heating. 
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Absolute permeability was measured at 150°C by circulating 
heated water at flow rates up to 9 ml/minute and measuring 
pressure drop across tne sample. peerecer ty was measured 
at effective confining stresses of 2, 6, 10, 14, igo, mai Seg ne) 
and 2 MPae Compressibility of the sample was also measured 


as the effective confining stress was varied. 
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Original Sample No. 44 at 20°C: 


Initial 
Initial 


Initial 
Initial 


Initial 
Vina tee 


Bitumen extraction by alternate “Soak end Flush" Process; 


Gn loeinmeine (Ci aes 


Hetahiis mia 
Die: 4) 
Area: A 
Volume: V 
Mass: M 


Ms = 


Water Content: 


Bitumen Content: 


Bulk Density: 
Dry Densiny: 


Void Ratio: 
Porosity: 


SAMPLE DATA 


5.120 cm 
7.600 cm 
45.36 cm@ 
232.27 cm 
470 g 
Vo = 147.3 mi 
W = 360% 
B = 17.1% 
=, 2e624 
= 1.681 
TO. Sita 
= 0.366 


After 150°C Permeability Test: 


Height:- H 
Dia.: g 
Volume: V 
Mass: M 
wo 22059 


Porosity oh 


VGuG= ivan © ne! 


SOs 


DOW Cin 
7.600 
L2d ode Tel 
470.6 


Density = 2.069 


Ber = 08008 
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3600 mi 


45 pore volume circulated over a period of 10 days). 
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FLOW VELOCITY (cm/s*10-4) 


0. 


0 


Sample No, 44 

So = 0 % @enzene Extracted) 
H = 5.12 cm 

n = 0.350 


LEGEND 
o——S Temperature = 20 Deg C 
o—® Temperature = 150 Deg C 


One 0.4 0.6 0.8 
PRESSURE DROP {kPa) 


FIGURE D16 Flow Velocity Vs. Pressure Difference: 
Test CPERM7 
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TESIECPRERM ‘6 


Permeability of Saline Creek Oi! Sand 
Sample No. 16 at 20°C and 150°C 


Procedural Details: Test CPERM 8 


Sample No. 16 was allowed to thaw and then back saturated 
for 24 hours under 10 MPa back pressure and 13 MPa 
confining stress. 

A room temperature permeability test was performed at flow 
rates varying up to 4 ml/minute. Effective confining 
stress was maintained constant at 3 MPa. 

The system and sample were then heated Slowly. to. 150°C. 
Drained thermal expansion of the sample was monitored 
during heating. 

A permeability test was performed at 150°C by circulating 
heated water throuyh the sample. Bitumen was flushed froin 
the sample reducing the bitumen saturation from 88% to 
52h. | 

The sample was then cooled down to room temperature and a 
room temperature permeability test was performed at the 


residual bitumen saturation of 52 percent. 


“ea wee fi Hines) onthe Ny 
ie’ radi” aa, GOS adept 


f i: 


i Aras Rom iat! Sop went (oF pant 
; gn es “ oh, OD, ev gs vi . A oe 
i ea . ila | ere eat rh = a 
iF " Dewi) Ae Pea nt rye ce sean sagt rN. Be, 
oh eb Pree a ai smoomgt 00) Ha FRR ore .) 
1 pe Ci timc canteen ten Site! Seve Ss 
gry 4, ae i, sean te rete fa gh ‘bas. aveye sa! , 
rt ea bilo ans aed or he edt hast jaro wap lene 
lee 1 es ae ie s : ee on “ani wit 
ig aan 4 oie Hh Say bag aur eee Nt, vena 4 + 
aly en ay! ie sie te phenea sai nigh ri Ae: oat air f 


oy ‘i im pili tye Arak ih hein tn 
ye 


ii <i ae snail ie no.) sal Le. af i 


A) 


4 ; 


2 


oe 7 


a 


‘i in 
sah yea Ibe: vf ii hiewna’ wet +N 
. , ry i a v wc ‘ a : Td “ ou TH WahGe: oe at 1< q al i] ai 
2 y r j q a ey é 7 ’ oh ¢ rg a< 
et + ini ree < 
i Sie a 
* 
j ‘ > : : ; or a i 7 7 
= 7: | <% . | | | 3 
“ if a, wd | | 
fr 3 [- ; 
= ‘ A , 
! | | | | 
a } P| 
; '* t= ' nT 1 j 
: : R | 
; = | ‘ : ' f :. ; : . 
sl ‘A oat i a - , . 
fy oe a a ] \ az - ; ; 
ety Lg 4 ; - | | 
-_ ie) : J yur! 9 i ¥ ; x ; , 
4 , : - Sa iy y : | 
ae Pl a ae : 
/ 4 ' i " a 
‘fy : . ie , r ey ait ¢ ‘ , { 
7 ; , ; 7 7 yy > } ia 
ow 4 : iva 4 ie 7 iy 
-! i . 


Page 638 


TEST CPERM 8:. SAMPLE DATA 


Original Sample No. 16: 


Dita. y) 72600 cm 
c/s Area: ~A- = 45.36 cmé 
Height: Hie Cher De nielaecry 
Volume: Vee 752 rer 
Mass: M = 478 sg Density s |=", 25056 
W = 2.2% Sian Sl sie 
Ms = 402 
VG i= 1151.77 on 
Vy = V-Vs = 80.60 cm? 
= 0.347 
Sw = 11.6% So = 88.4% 
After 150°C Permeability Test 
Top: w = 9.43% 
2 8 By Ss soe TOP 
So =1' 49'.09 
Se) ae peal) 3 
Pawn Were 
Bottom: we = 1S. 702 
Br = 10.21% 
Lye SON =D Op 
fe Ae Sw = 86.02 
We a Sh exen 
Average Fluid Saturations for Sample: So = 52.0% 


48.0% 
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10-9 

9 

8 Temperature = 150 Deg C 

7 Effective Confining Stress = 3 MPa 

b Sco denotes Oil Saturation(%) 

St 

Qu 

< 

So = 52% 

c 2 
i a 
~ ae 
k Sze ra) © © 
& ae 
Shy Ghee cay 
a 10-10 

9 

8 
= 7 
od 
Gi 6 
HH 
rat 5 
= 

So = 88% 
3 
LEGEND 
G——® Predicted Valves 
o—o 150 Deg C Test Results 
}] 
aa! 
eo Zp eis) oie) ne Oe 


FLOW VOLUME per UNIT PORE VOLUME (ml/m)) 


FIGURE D21 Fluid Mobility Vs. Normalized Flow Volume: 


Test CPERM8& 
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TESTS CPERMs9 


Permeability of Remoulded Saline Creek 
Sample No. 36B at 20°C and 150°C 


Procedural Details: Test CPERM 9 


ike 


Saline Creek oil sample No. 36B was thawed, then remoulded 
by Kneading.e The sample was compacted in 5 layers in the 
consolidometer cell using a modified Proctor drop hammer. 
Compective effort consisted of at least 30 hammer blows per 
layer. 

The sample was further compacted by quick loading it under 
an effective confining stress of 10 MPa. 


The sample was then back saturated for 24 hours with an 


applied back pressure of 10 MPa and a confining stress of 
13 MPa. 
Room Temperature effective permeability To water was 


meastred by circulating water Through The sample at varying 
tTlow rates up to 4 ml/minute and measuring differential 
pressure difference across the sample and flow rate. 

The aoparatus and sample were slowly heated to 150°C under 
10 MPa back pressure and 13 MPa confining stress. Drained 
thermal expansion was monitored during heating. 

A permeability test was per formed at ioorGepy cirevhat ing 
heatec water through the sample. Bitumen was flushed from 
the sample reducing the bitumen saturation from 80% To a 
resicual value of 52% of the sample pore volume. Pressure 


drop and flow rate were monitored during the test. 
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7. The apparatus and sample were cooled down to room 
Temperature. Room temperature water permeability was 


measured at a residual oil saturation of 52%. 
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TEST CPERM 9: SAMPLE DATA 


Original Remoulded and Recompacted sample No. 36B: 


iat: 0 ‘=. 7.600 em 
é/s Nreas AN = *45.36 cm 
Height: Mes) goweeeien 
Volume: YS 2565) inl 
Mass: M = 478g Density = 2.019 
Wee 4.9% 

Spots sinew! 

Mes L587) 32g 

Vice ae! AG 2 5 in| 

Vy = VY - Me = 90.6 ml 
ea OOS 

Sos 200% 

So =. Moete 


pater 150°C Permeability Test 


TOD: Ww 11.9% 

B = 12.04 

SOU=4 Sele 

Sw = 48.9% 

Bottom: w = 11.5% 

B=) 92.35% 

SO = 52.7% 

Sw = ATs 5% 

Wii Sein 

Average Fluid Saturations For Sample: SO = | 519% 
Se 48.1% 
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10s 


9g 

8 Remoulded Sample n=0.38 

2 Temperature = 150 Deg C 

§ Effective Confining Stress = 3 MPa 
S) 


2 
19-10 
9 
8 
7 
§ 
5 So denotes Oil Saturation(%) 
y ; LEGEND 
@——® Predicted Values 
®©——® 150 Deg C Test Results 
3 
2 
Host 


0 a Y 6 8 
FLOW VOLUME per UNIT PORE VOLUME (ml/ml) 


FIGURE D24 Fluid Mobility Vs. Normalized Flow Volume: 
Test CPERM9 
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TRIAXTAL TESTS 
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Summary of Triaxial Tests 


Test Description 


|lsotropic Compression 
Passive Compression 
J1 = Constant 

Passive Compression 
Passive Compression 
J1 = Constant 

Passive Compression 
|sotropic Compression 
Membrane Meltdown 


Undrained Heating with 
Constant and Undrained 
Passive Compression 


Amnistropic Consolidation 
and Undrained Heating to 
Failure 


|lsotropic Compression and 
Passive Compression 


Membrane Meltdown 


Multistage Passive Compression 
of Remoulded Oil Sand 


|sotropic Compression and 
Passive Compression of Cold 
Lake Oil Sand 


Membrane Meltdown 
Passive Compression 
J1. = Constant 


|sotropic Compresson and 
Passive Compression 
Unconfined Compression of 
Case Hardened Sample 
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TES i TOS) | 


Isotropic Compression of Saline Creek Oi| Sand Sample 


No. 25 at 20°C: Drained and Undrained Isotropic Compressibdil ity 


Procedural Details: Test TOS 1 


Saline Creek sample No. 25 was thawed, then back saturated 
for 24 hours at an applied back pressure of 2 MPa and 
isotropic confining stress of 6 MPa. 

Back pressure drainage valves were closed and a B-test was 
performed to check the degree of saturation of the sample. 
Volumetric strains determined from internal strain gauge 
measurements were used to determine isotropic 
compressibility over a range of confining stress from 6 - 
26 MPa. 

Back pressure drainage valves were opened and a drained 
isotropic compression test was performed. Four cycles of 
compression and unloading were applied over a range of 
isotropic eitective stress from 4 - 26 MPa. 

Volumetric strain determined from internal strain géuge 
device measurements (i.e. vertical and lateral 
deformations) was compared with volumetric strain 
determined using the volume change device. Volumetric 
strains varied by approximately + 1.6 x 10-* per MPa; 
internal strain measurements being rather more erratic. It 
was found that this rather substantial error resulted from 


inaccurate lateral (horizontal) deformation measurements. 
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The stiff lateral strain gauge clamp was found to distort 


lateral deformation of cohesionless oil sand samples. 


A drained triaxial compression test was performed. The 
lateral strain guage clamp, however, impeded lateral 
deformation and caused tensile stresses to develop in the 


orthogonal plane as vertical deformation proceeded. The 


" sample was weakened and yielded prematurely. 


Effective lateral confining stress was maintained constant 
at 4 MPa and back pressure was maintained constant at 2 MPa 
during laoding. Vertical effective stress was increased to 


a constant rate of 80 kPa/minute. 
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FEST AOS aie SAMPLE DATA 


Pretest Saline Creek Sample Noe 254 


Dia: @ =. 7.604 cm w =. 0.30 
Height: Hse. 15.376 Bsa (Oe t57 

Area: A = 45.412 cmé 

Valume:: V = 695.54 Ve =) 403% 5) stad 
Mass: Me e209 Ves: 23220 imi 
Moi = Se Dry Density = 1.766 Mg/m- 
Density: = 2.088 Mg/m 

Porosity: = 04,535 

Void Rem Lo: = 0.49914 g 


ratled Sample No. 25 After Test. 0S 1 


Diameter in plane parallel to lateral strain gauge clamp: 


~<a Sn mea —— 
t Tope. =7%.70em 
5 
= 
N 
= -—Midd|e=7.58cm 
{ Bottom=7. 59cm 


ee — 


Diameter in plane perpendicular to lateral strain gauge clamp: 


| 


Top =7.77cm 


- Middle =8.16cm 


15.24 cm 


Bottom =7.82cm 
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DEIATOR STRESS (KPA) 
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FOCAL STRAIN (OD) 


FIGURE E1.5 Triaxial Test TOS1: Deviator Stress Vs. 
Strain 
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PESt TOS? 


Drained Triaxial Compression of Saline Creek Sample No. 33 


at 4 MPa Effective Confining Stress.and at 20°C 


Procedural Details: Test TOS 2 


Sample No. 33 was thawed and back saturated for 24 hours 
under 2 MPa back pressure and 6 MPa isotropic confining 
STress. 

A B-test was performed to ensure that gases in the system 
had dissolved in the liquid phase (i.e. complete 
saturation). 

A-drained triaxial eon Reeoicn test was performed at room 
temperature (20°C) maintaining the effective lateral 
contining stress constant at 4 MPa and the back pressure 
constant at 2 MPa while vertical effective stress was 
increased at a near constant rate of 80 kPa per minute. 
Vertical (axial) and volumetric deformations were monitored 


during loading. 
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TEST MOS Zsa SAMPLE (DATA 


Pretest Saline Creek sample No. 33: 


Dilaier: 
Hengn ys 
Area: 
Volume: 
Mass: 
Mos: 


oS g> SE Ask 
Uo be at UU Ath 


Density: 
Poros ry: 
Void Ratio: 


7-600 cm Ww = OSOZ 5 
15.240 cm By cor edos 
45.365 cmé 
691.36 ml ; Wee 400 625m 
1436 g Vy = 235.16 mi 
1209 g Dry Density = 1.748 Mg/m? 
= 2.077 Mg/m 

= 10h 40 

= Oecio ae 


Failed Sample No. 33 After Test TOS 2 
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DEVIATOR STRESS OPA) 
X10! 
0.500 0.750 1.000 1,250 1.500 1.750 


0.250 


0.000 


0.30 


VOLUMETRIC STRAIN (x) 
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0.10 
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0.00 0.30 0.60 0.90 1.20 


AXTAL STRAIN © 


BIGURESEZsS Triaxial Test TOS2: Deviator Stress Vs. 
Strain 
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TESTO NOS 


Drained Triaxial Compression of Saline Creek Sample No. 43 


at 20°C Following Stress Path "F" (J1 Constant) 


PRocedubal Details: © Test iOS 3 


Saline Creek sample No. 43 was thawed and back saturated 
for 24 hours under 2 MPa back aaseeuies and 6 MPa isotropic 
confining stress. 

A B-test was performed over a range of confining stresses 

from 6 - 27 MPa to evaluate the degree of saturation of the 

pore fluid phase. 

A drained triaxial compression test was per formed fol lowing 

STrESS Peine hk, lees celOose: 10 a J) ‘constant pati: 

a) Vertical stress was maintained constant at 6 MPa 
throughout the test. 

b) Lateral confining stress was decreased in 250 kPa 
faendents fom 6 MPa to 1 MPa. Back pressure was 
decreased simultaneously in 50 - 75 kPa increments from 
2 MPa To 870 kPa. 

c) Vertical (axial) deformation and volume change were 


monitored during loading. 
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DEST TOS 33) SAMPLE DATA 


Pretest Saline Creek Sample No. 43: 


Dida: 9 = 7.600 cm w = 0.030 
hengnts shtuy= 15.408 cm Bi =) Osteo 

Area: A =~ 45.365 cmé@ 

Volume: V = 698.98 ml Meo" 45 5656") 
Mass: Me = 1a Dog VAS ye Dil 2 ml) F 
Mc: = 1 205 8G Dry Density = 1.721 Mg/m? 
Density: = 2.082 Mg/m? 

Porosity’; ss Or) 

Void Ratio: =. Ovo4 boc 


Failed sample No. 43 After Test TOS 3 
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SALINE CREEK SAMPLE NO, 43 


TEMPERATURE = 20 DEG C 
Ji = CONSTANT 


SALINE CREEK SAMPLE NO, 43 
TEMPERATURE = 20 DEG C 


O20 rae O.4 Oo 0.8 
AXIAL STRAIN (%) 


FIGURE £3.3 Triaxial Test TOS3: Deviator Stress Vs. 
Strain 
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TEST HRIOS 4 


Drained Triaxial Compression of Saline Creek Sample No. 44 


at 20°C and 8 MPa Effective Confining Stress 


Procedural Detail'$s Test-T0OS 4 


Sample 44 was thawed and back saturatec for 24 hours under 
2 MPa back pressure and 6 MPa isotropic confining stress. 

A B-Test was performed to evaluate degree of saturation. 
lsotropic confining stress was increased to 10 MPa and the 
sample was allowed to consolidate. 

A drained triaxial compression test was performed 
increasing vertical stress with the lateral stress 
maintained constant at 10 MPa and back pressure constant at 
2 MPa. The average loading rate was 85 kPa/minute. 

The semple was slightly disturbed (i.e. Initial porosity of 
0.57) and failed along what appeared to have been a 


pre-formed plane of weakness. 
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Pretest Saline Creek Sample No. 44; 


Dia.: 
Height: 
Area: 
Volume: 
Mass: 
Mo: 


<= 3 eS 


= 


Density: 
FOROS hy: 


Void Ratio: 


76590 cm W 
15.400) ‘em B 
45.245 cmé 
683.20 ml Vo 
1375 g NG 
1143 g Dry Density 
= 2.013 Mg/m- 

= (0.369 

=. 0 /DSSiG 


Fabled Sample No. 44 Atter Tesi 0s 4 


—~ 


Manually 


induced 


14.40cm. 


SAMPLE DATA 


mi 
ra 
Mg/m 
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X104 
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DEVIATOR STRESS (KPA) 
0.8 


0.3 


0.2 


0.450 0.0 0.1 


VOLUMETRIC STRAIN (x) 
0.300 


0.150 


0,000 


0.000 0.250 0.500 0.750 1.000 


FOCIAL STRAIN 


F |GURE EAS Triaxial Test TOS4: Deviator Stress Vs. 
Strain 
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ios OSD 


Drained Triaxial Compression of Saline Creek Sample No. 17 


at 20°C and 8 MPa Effective Confining Stress 


PROCECURGIDerallS¢m Mesh. OS.) 


1. 


Sample 17 was thawed and back saturated for 24 hours under 
2 MPa back pressure and 10 MPa isotropic confining stress. 
A drained triaxial compression test was performed with back 
pressure maintained constant at 2 MPa, lateral confining 
stress maintained constant at 10 MPa and temperature at 
20°C. Vertical stress was increased at an average rate of 


70 kPa per minute. 
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Pretest Saline Creek sample No. 17: 


Diliatens 
Height: 
Area: 
Volume: 
Mass: 
Ms: 


EK SS BS SEIS 


Density: 
Porosity: 


Void Ratio: 


re yt) ow 


TEST TOS 5s) SAMPLE: DATA 


7.590 cm W 
15.300 cm B 
45.245 cmé 

692.25 ml Vo 


1179.7 g Dry Density 


2.050 Mg/m 
Oe557 
0. 55510q 


iT} 


Failed Sample No. 17 After Test TOS 5 


- 15.40cm 
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0.035 
0.168 


445.2 ml 
247.0. mi 
1.704 Mg/m> 
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DEVIATOR STRESS KPA) 
x1o* 
0.500 0.750 1.000 1.250 1.500 1.750 


0.250 


STRAIN (x) 
0,20 0.30 0.40 0.000 


0.10 


0.00 


0.00 0.50 1.00 1.50 2.00 


FOCAL. STRAIN GO 


FIGURE E5.2 Triaxial Test TOS5: Deviator Stress Vs. 
Strain 


i a 
5 & a ee 
r, * : i] 
" { 4 : ho a ; ti Al 
ae apabretvy ath ace cella 
é 4 -— Pl a] 4 
ort er) Pee he a ; ~ +, a 
; i mayalé ay 
= iby ; A “ 
; Cae 
a. & \ = 7 
1% ef tetas Le 
nie Vite 4 
— q a ar 
ji : he 
x A ¢ a 
; ' ‘ Se oa 
“ “ae * H 
| rs ce 
) ; 
1 —— yet y 4 
oa oe di 
i, f i ( 
‘ 4 
f ' i 
; { 
, " ( 25 
, " 
i. a 
" 
i 
ij 7 
: rr ; : yd 
\ J " I Fy wi Me 
ie Oe My RMS paziae ; 
; f x4 Se J ; 
L ve). Ge aah) atoee 
Sot ag 
- 
J ‘ 
; 1k 
ny a4 ’ Te 
fu ’ oo o> t 
eh : Stale Sigh Spake Whes 
‘ i ’ o a 
es ‘- ‘ , of 
a A AMO A Dh 
{ 


dg dew) ra ian oe ee 
2 Lets Cates i 
ong cal aaents WIRE slid “e} 5 saline 


Page 677 


TESTOTOSS6 


Drained Triaxial Compression of Saline Creek Sample No. 16 


at 125°C Following Stress Path "F" (J1 Constant) 


Procedural Details: Test TOS 6 


Sample 16 was thawed and back saturated under 10 MPa back 

pressure and 14 MPa isotropic heh a stress. 

Heating of the apparatus and sample was started Dror to 

complete thawing of the sample. The system was heated to 

125°C; the volume of pore fluid expelled from the sample 
was monitored during neat. 

Back pressure and isotropic confining stress were 

simultaneously increased to 12 MPa and 16 MPa respectively. 

The sample was allowed to consolidate overnight (i.e. for 

17--hours)- 

A drained triaxial compression test was performed fol lowing 

eiress carh lh i<GerUl approximated y constant: 

a) vertical stress was maintained constant at 16.2MPa 
throughout the test. 

b) lateral contining stress was decreased in 250 kPa 
increments from 16 MPa to 10.4 MPa. Back pressure was 
decreased simultaneously in 50 - 75 kPa increments from 
12 MPa to 650 kPa. The average deviatoric loading rate 
was 35 kPa per minute. 

c) vertical and volumetric deformations were monitored ° 


during the test. 
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TEST TOS 6: SAMPLE DATA 


Pretest Saline Creek sample No. 16: 


Weis ¢ Fo=)) 7 5600 sem w = 0.022 
Henn tc! Hire 15. 1.07 vem ere AOS IE) 

AGEG:: A = 45.365 cmé 

Volume OV) =. 685.45.mil Ve = 461.2 mi 
Mass: M =' 1453 g Vyas 224.1 mi 
Mc? = 1222-¢ Dry Density = 1.783 Mg/m 
Density: = 2.120 Mg/m? 

Porosity: =e O27 

Void Ratio: = 03486 g 


Failed sample No. 16 After Test TOS 6 
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FIGURES EO «2 


SALINE CREEK SAMPLE NO.16 


Q MPA) = (St+S3)/2 


Triaxial Test TOS6: 


5.00 


Stress Path 
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SALINE CREEK SAMPLE NO, 16 


TEMPERATURE = 125 DEG C 


Jt = CONSTANT 
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SALINE CREEK SAMPLE NO. 16 


TEMPERATURE = 


0.20 0. 
AXIAL STRAIN (%) 


Triaxial Test TOS6: 
Strain 
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Deviator Stress Vs. 
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TEST 2FOS77 


Drained Triaxial Compression of Saline Creek Sample No. 45 
at 125°C and 4 MPa Effective Confining Stress 


Procedural Details: Test TOS 7 


1. Sample 45 was thawed and back saturated for 24 hours under 
10 MPa back pressure and 14 MPa isotropic effective 
confining stre ss. 

2. The apparatus and sample were heated to 125°C; the volume 
of pore fluid expelled from the sample was monitored during 

heating. 

3- A drained triaxial compression test was performed: 

a) vertical stress was increased at an average rate of 70 
kKPa/minute; 

b) lateral confining stress was maintained constant at 14 
MPa: and the back pressure was held constant at 10 MPa; 

c) vertical deformation and volume chanye were monitored 


during deviatoric passive compression. 
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TEST TOS Pan oAMPLE DATA 


Pretest Saline Creek Sample Nog ase 


Dias: g 72610 cm Wee 08022 
Height: HH “= /15.430 cm B ‘=. 0.160 

Area: A’ = 45.484 ome 

Volume V = 701.82 mil Vit aS eat 
Mass: Me =) 1420) 2g Vy =) 248.5 mi 
Mo: = 120'Maeg Dry Density = 1.712 Mg/m? 
Density: = 2.023 Mg/m? 

Porosity: = (0.354 

Void Ratio: = 0.548 g 


RailedsSamp lie No. 45 Atter tesa TOS IL 
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= 
O-s 
on SALINE CREEK SAMPLE NO.45 
TEMPERATURE = 125 DEG C 
EFFECTIVE CONFINING STRESS = 4 MPR 
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0.20 0.0 


VOLUMETRIC STRAIN (x) 
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AXIAL STRAIN (x) 


FIGURE E7.3 Triaxial Test TOS7: Deviator Stress Vs. 
Strain 
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TEST BIOS <8 


Undrained and Drained Isotropic Compression of Saline Creek 


Sample Noe 28 at 220°C - O-Ring Seal Failure 


Procedural Details: Test TOS 8 


1. 


Sample 28 was thawed and back saturated for 21 hours unager 
10 MPa back pressure and 12 MPa effective confining 

STEeSS'. 

The sample was heated to 220°C under drained conditions. 
Drained thermal expansion and the volume of pore fluid 
expelled from the sample were measured during heating up to 
200°C. However, eRe deformation measurements on the 
sample are not considered reliable due to stiffness of The 
strain gauge clamp. A small amount of leakage of cel | 
Fire past “tnesO=rindeses ane the, base OF The Triaxial cell 
was noticed at this stayee Heating was discontinued. 

A b-test was performed over a range of isotropic confining 
Stress from 12 = 2Z0.5)MPa. Volumetric strain was 
determined during undrained loading from internal vertical 
and lateral strain gauge measurements giving undrained 
compressibility. Again however, lateral deformation 
measurements were not reliable. 

A drained isotropic compression test was started. However, 
severe leakage of cell fluid started during the first 


loading cyclee The test was discontinued. 
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TEST TOS 8: SAMPLE DATA 


Pretest Saline Creek Sample NOs 282 


Ditae: Gap / eASSccm wo °025 
HelGhie tee = 15.2935 ‘em Bo y= 205.120 

Area: A = 45.393 cm2 

Volumes: V "= 663.61 mi Vous 1428.8 im 
Mass: Mp = 1598.0g Vy = 234.8 ml 
Mc: =F oe Dry Density = 1.712 Mg/m? 
Density: = 2.046 Mg/m? 

POROSITY: = Oe S04 

Void Ratio: = 0.548 g 


Failed Sample No. 28 After Test TOS 8 
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TESTSTIOSS9 


Triaxial Test: Thermal Expansion of Saline Creek Sample 


No. 27 to 235°C Followed by Membrane Failure 


Procedural Details: Test TOS 9 


Sample 27 was thawed and back saturated for 24 hours under 
10 MPa back pressure and 14 MPa isotropic confining 

STress. 

The apparatus and sample were heated under drained 
conditions (i.e. constant back pressure) to 240°C. The 
Silicone rubber triaxial membrane depol ymer ized during the 
night resulting in back pressure/confining pressure 
communication. Heated silicone oil cell fluid was injected 
Through the sample under a differental pressure which was 
initially 4 MPa. 

The metal bellows interface in tne volume change device was 
damayed. 


The test was terminated. 
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TEST, TOS, 93, SAMPLE DATA 


Pretest Saline Creek Sample No. 27: 


Dia. ; G* °="7 «610 ‘em w =. 0.012 
HenGnts a Ga) fda ltOsem Bias O87 

Area: A = 45.484 cmé 

Volumes: Wom 68/526 mi Ve = 45308 ml 
Mass: Myr la 29 tG Nie eto le oom 
Mo: = 11208 g Dry Density = 1.757 Mg/m? 
Density: a arse: Mg/m? 

ROROSITY: OS S57) 

Void Ratio: =) 80's DUG 1G 


Sample 27 After Test TOS 9 Meltdown 
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TEST TOS 10 


Pore Pressure Response to Undrained Heating and Undrained 
Triaxial Compression of Saline Creek Sample No. 20 at 200°C 


Procedural Details: Test TOS 10 


Sample 20 was thawed and back saturated for 21 hours under 
10 MPa back pressure and 14 MPa isotropic confining 

STpeSs. 

Back pressure and isotropic confining stress were reduced 
simultaneously to 2 MPa and 6 MPa, respectively. 

A B-Test was performed over a range of confining stresses 
from 6 to 14 MPa to evaluate degree of saturation. 

The back pressure and isotropic confining stress were set 
at 2 MPa and 6 MPa, respectively. Back pressure drainage 
valves were closed. 

The apparatus and sample were heated slowly. Pore pressure 
response to undrained heating was monitored and confining 
stress was adjusted in an effort to maintain isotropic 
effective confining stress constant at about 4 MPa. 

The pressure limits of the apparatus were approached after 
ey Pag Oiver Oe: temperature increase. Undrained heating was 
conducted in 8 heating cycles from 17.5°C to 200°C as shown 
in Table EZ. 

At the end of each heating cycle, the back pressure 
drainage valves were opened; back pressure and isotropic 


confining stress were reduced simultaneously to about 2-3 
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MPa respectively, always maintaining 4 MPa effective 
confining stress in the sample. Volume change (i.e. the 
volume of pore fluid expelled from the sample) was measured 


each Time the drainage valves were opened. 


Drainage valves were then reclosed and the next heating 
cycle started. 

After undrained heating cycle No. 8 was completed, the back 
pressure was adjusted to 10 MPa and the isotropic confining 
stress was simultaneously adjusted to 14 MPa. 

Back pressure drainage valves were closed. Vertical 
compression stress was increased at an average rate of 70 
KPa per minute with lateral confining stress maintained 
constant and the temperature at 200°C. 

Pore pressure and vertical deformation were monitored 


during the undrained triaxial comsression test. 
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TABLE E-Z 


NeSipOSailOr Summary of Undrained Heating Cycles 


Temperature 
Range 
25 - 44 
DOS Oe 
LOS 
90 =——106 
112 = 109 
WSO ay Ree? 
ST eee) 
182° = 195 


(eC) 


Average 
Effective 
Confining 

Stress (kPa) 


3630 0.270 

3800 Or252 

3900 Orzt2 

3800 0.208 

3700 0.189 

4100 0.144 | 

4900 | 0.102 | 

4200 0.107 : 
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DEST TOS. 1Ot SAMPLE" DATA 


Pretest Saline Creek sample No. 20: 


sample 27 After Test TOS 10 


7. 80cm 


Diitareys 
Height: 
Area: 
Volume: 
Mass: 
Ms: 


ERS BS ARIS 


Density: 
Porosity: 


Void Ratio: 


7.6.10 com Ww = 
15.170 -em B= 
45.484 cmé 

690500 il 7 Ver = 
1432 g Mig 


ESO) Dry Density = 


2.076 Mg/m- 
0.349 
OnS6. G 


14.90cm 


0.026 
0.178 


449.0 ml 
241.5 m1 
1.724 Mg/m> 
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1.00 


X104 


50 


DEVIATOR STRESS (kPa) 


00 


PORE PRESSURE (Ps) Ziol 
fais 


1.05 


0.4 


PARAMETER 
0.8 


0.2 


0.0 0.1 


0.00 0.50 1.00 1.50 2.00 
AXIAL STRAIN &® 


FIGURE E10.7 Triaxial Test TOS10: Deviator Stress and 
Undrained Pore Pressure Changes With 
Vertical Strain 
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FESTAFOS. Sha 


Anisotropic Consolidation and Undrained Heating 
to Failure of Saline Creek Oi! Sand Sample No. 22 


Frocedural.Details:. Test TOS 11 
a a ee ee ee AL) 


Sample 22 was thawed and back saturated for 22 hours under 
10 MPa back pressure and 14 MPa isotropic confining 
stress. 

Back pressure and confining stress were simultaneously 
reduced to 4 MPa and 8 MPa respectively. 

A B-test was performed to evaluate degree of saturation 
over the range of confining stress 8 - 14.5 MPa. 

Back pressure and isotropic confining stress were adjusted 
To 10 MPa and 14 MPa simultaneously. 

Vertical compression stress was increased to 16 MPa. The 
sample was allowed to consolidate for approximately one 
hour under the ratio of horizontal to vertical effective 
stresses of 67. 

Back pressure drainage valves were then closed. The 
apparatus and sample were heated slowly maintaining the 
vertical stress eos at 16 MPa and the horizontal 
stress constant at 14 MPa. 

Pore pressure and vertical (axial) strain were monitored 
during heating. 

Heating was continued until shear failure (yielding) was 
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TEST. TOS 11: SAMPLE DATA 


Pretest Saline Creek Sample NOo 222 


Dia.: g 7.570 cm Wits iO. 025 
Height: H = 15.300 cm B= 0.185 

Area: A = 45.007 cm2 

Volume: V = 688.60 ml Vo = 443.3 ml 
Mass: Meee Slee Mga 24D. 5 mh 
Mo: = 759 Dry Density = 1.706 Mg/m> 
Density: = 2.064 Mg/m> 

Porosity: =e D0 

Void Ratio: =U soo SeG 


sample 22 After Test TOS 11 
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Pore Pressure 


os 


Effective Axial Stress 


Effective Confining Stress 
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TEMPERATURE (eg C) 


imiaxial test TOSii: Pore Pressure and 
Effective Stress Changes During Undrained 


Heating 
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Saline Creek Sarale Ne.22 


Temperature Range = 6-100 Deg C 
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Triaxial Test TOS11: Pore Pressure 
Changes and Axial Strain During 
Undrained Heating 
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TESTOTOSATZ 


Drained Isotropic Compression and Passive Triaxial Compression 


of Saline Creek Sample No. 29 at 200°C 


Procedural Details: Test TOS, Wz 
a ed NES ae Re als 


1. 


Sample 29 was thawed and back saturated for 22 hours under 
10 MPa back pressure and 14 MPa isotropic confining 

stress. 

The apparatus and sample were heated drained to 200°C and 
temperature allowed to stabilize for 16 hours. Vertical 
(axial) expansion was monitored during heating, however the 
volume change device was isolated during heating because of 
doubt ‘about ?the durability of the triaxial membrane. 

An isotropic compression test was performed over the 
effective stress range 4 - 17 MPa. 

A drained passive triaxial compression test was also 
performed by increasing vertical stress at an average rave 
Of e ey a ee Vertical deformation and volume change 


were monitored during the compression tests. 
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DEST ALOS 12 


Pretest Saline Creek Sample No. 29: 


Dia.: g 
Height: “A 
Area: A 
Volume: V 
Mass; M 


Mass Solids 


Denst Ty: 
Porosity: 
Void Ratio: 


7-510 cm W 
14.837 cm B 
44.297 cmé 
6d7625 ral 

1375 xa Mee 
1148 g Dry Density 

= 2.092 Mg/m> 

= :}0.341 

lesen Taare 


Sample .29 After Test, TOS 11 
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TEST ROS 135 


Thermal Expansion of Saline Creek Sample .No. 26 - 
Membrane Meltdown at 240°C 


Procedunal Details: . Eesti alOS. 135 


1. 


A fluorosilicone compound (Dow Corning RTV730) was applied 
as recommended by the manufacturer as a protective coating 
3 mm thick over the surface of a silicone rubber membrane. 
lt was anticipated that the fluorosilicone would inhibit 
chemical reaction between the silicone oil cell fluid and 
the silicone rubber membrane resulting in swelling and 
depolymerization of the rubber at temperatures above 
200°C. 

Saline Creek Sample 26 was thawed and back saturated under 
10 MPa back pressure and 14 MPa isotropic confining 
stresSe 

The apparatus and.sample were heated drained to 240°C at 
which temperature membrane meltdown occurred. The test was 
terminated. 

Vertical (axial) expansion and volume change (i-e. volume 


OF Tal Uid vexpeliied) were monitored during heating. 
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MEST TOS MSs,” (SAMPLE: DATA 


Pretest Saline Creek Sample No. 26: 


Diae: GZ = 7.620 cm w = 0.036 
Heignt: iH -sae,15.300.cm Bows 0.132 

Area: A = 45.604 cmé¢ 

Volume: Vo = 697674 ml Vo = 468.9 ml 
Mass: Mp =) 1451. Vy = 228.8 ml 
Mass Solids = 1243 g Dry Density = 1.781 Mg/m? 
Density. = 2.080 Mg/m? 

Porosity: = G5 SPAS) 

Void Ratio: = 0.488 g 


Sampler ZovAtter jest TOs 15 


7.62 cm 


15.35¢cm 


No Visible Deformation 


7 ; 
’ Bs ; Wire 
- 4 - ra : 
Le { ; : - 
; ig =a a y’ iy TER 
arias a , 
‘ i's rea ap ah 
1; i? i \ 
tt J 
r 
-t 
1 so 
Mee 8: 
| i . 
de abd m) 


‘ ; rye? = ‘Seas 
St pak RIS ly a DER ae * 
c pee) ih. ees ou r yu het 
ah |S et) va eee + ink 


ao m gh ie 
. i ee 


Page 7/24 


Ohe 


See 


ainjeuedua| *SA sseuts Bululyuog 


pue 84NSSeudq a40q 


Ole S6T Ost SST OST 


(S943 ANYYEWSW) 
Q3L93SPNI TIO SNOOTTIS 


SlISOL ts 


Sy Pe ixces Lo tae sano 


(9 930) SYNLWYSdWSL 


SEI 


92 “ON AIdWWS 4SSYI INI IWS 


Oct SOT 06 cz 09 Sh O€ 


: in) 
@ __ 2 p66. ee 250° 
o B® % g° & no 
@ 
in} 


S 


T 


6-0; 8°60 


oc) Seeeetiebee mmc IT OTF 
nOlX 


iat 


(Udy) SSSYLS OININIANOD/SuNSS3Yd 3YuOd 


((ernees are~ ers. LE os 
sd J 4 r 


| WY. : | 
os ~ ‘ : 1 “J 74 ws + t 


ea | 


4{ 
i 


rane dite AAEM “ 
ye en & ‘Pe, VO RA 


T Ooi a 0 F \ 4 
sl pow ony 
i ve ie ‘ ¥v a 
re j in, tf aA 
L @ a: WS “~ 
(J ‘€ mrt uy ne HATS 
Sody vt SL i 7 
7 : % Wy - : 
"9 : } ny: 1 i Hl i : His 
rT iets) weer ; ay eh oi 
] ‘ ,) can 1 ae ae pe ; ¥ : vary we 
itt. ee we | ; cat hy ete. te ae i! ey 2] mee) ae 


er ey ee 4 nay 


Page 725 


uo 1 Suedx 


Pew JOU LE Ty bo Oi LSet. (eter I] = 79 cua Sauna (| 


a (A90AVS7 ANBYEWSW) 
qa@———— 03L9SFNI IO SNODTUIS 


(0 930) SYNnLeYysdWaL 


SET Oct SOT O06 SL 09 Sh —s«éOE Gt 0 


92 “ON FldWYS W3SYI SNI TS 


ee Se eS ae ee eee ee eee 


000°0 


000 *T GS770 00s*0 ose *O 


OSe"1 


(%) NOISNbdxS WIX 


A 


» © 


yes 


ine 

- ete 

a . 
ee 

Car . 


‘ 


wits fake 
$e -1 SS. 


' 
oe | 


a~ ae 


Page 726 


— Ohe 


Gee 


Ole 


S6T 


Bulpeoy Bulung pea yodx 4 a aw ee | 
40d $O OWNIOA 2C1SOL Se] JeIxelsy 


(0 940) SYNLbYAdWAL 


Ost SST Ost SEs Oel SOT 


06 


Po Page | eee Sa Tot eve 


LT) SO Nes aaah ore a Pe 4 


QIN AWS | 


— ANT) 4350 SOIASO SONYHD AWIIOA 


Sila Aang 4 


SZ 09 


92 “ON 3AldWWS WASYO ANITWS 


ae a a ee ee re ee eee 


oe 


Ona 


(4) SGINIS 380d 340 NOISNYdxXS SWANOA 


[ ‘ ' f Vail 
at ‘ ni i ‘J i! J 7 
| ‘ rae f Fhe Wont 
Ra fl ts vi i." 
ay, 5 Sir) aah soe eee 
p ; 4 aG nu _ 
9 
> rt wets ’ } 
i i nae 7 ~ negyine 
. i aay 
a 
bi aioe it 
A ' i 


X 
ag — 
57D —we 

een: ie aati |l 
j 
‘= a 
.: A 
f 
= 


‘ 
oa 
7 
Ea i 
is , ' 
a i, a 
J | 
> ™ 4 

: ’ 
~ > ' j 
t |) P t 


i 
t 


ss 
ar 
a 
— 
= 
“> 
=t1vts 


2 Ad 
ae Gir 
a @ P ba =f 2. 
4% = ‘ 
: = ' f id 
“ ' 7 ‘. r - 
ae 
. - a Fe i 
f » ae ae < 
chal } < 1 
} ‘ 
a Ph eee 
7 én 4 S 
iy 
j oe 


Rin! 7 : 1 bhi iy 
mae Dee | j 2 : , 
8b ig oe | ee So 
Ae ial i a eae 
St a’ ae) tek Se 


es 
yo oT it 


“a L. k ‘ys. 
a) aS Wy ae hay o 


¢ y Late ‘ 
ie ee vy Ey ann ee 
ial 4 NT etalon Ab, 
2 ae” ate ea 
LU na , - — - 


Je ; et a lie’ 3 ine 


Page 727 


TEST TOS 14 


Multistage Triaxial Compression of Remoulded Saline 
Creek Oil Sand: Combined Samples 5, 7, and 8 


Procedural Details: West 10S, 14 


1. Pieces of Saline Creek samples 5, 7, and 8 were permitted 
to thaw, then remoulded and mixed by kneeding. the 
remoulded material was then placed in layers inside a steel 
split-ring cylindrical mould 7.58 cm in diameter. The 
material was compacted in 5 layers, each approximately 3 cm 
Thick, using 30 blows per layer of a Modified Proctor 
compaction drop ae The compacted sample and mould 
were then placed in a freezer at -20°C for 48 hours. 

Z2- The remoulded frozen oil sand sample was removed from the 
Split-ring mould end mounted inp the tritexial cell using 
procedures similar to those for undisturbed samples. 

Se athe sample was Thawed and back saturated for 20 hours under 
a back pressure of 2 MPa and under 4 MPa isotropic 
confining stress. 

4. A three stage, drained passive compression test was 
performed at room temperature with the back pressure 
maintained constant at 2 MPa. Vertical compressive. stress 
-was increased at an average rate of 55 kPa/minute. Three 
peak deviatoric stress levels were defined corresponding to 


effective confining stresses of 2 MPa, 4 MPa and 8 MPa. 
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After the triaxial compression test, the apparatus and 
sample were heated to test the durability of the rubber 
membrane, formed from a silicone elastomer (Dow Corning 
Sylgard 170). This rubber cures by an addition reaction 
when components A and B are mixeds The manufacturer had 
recommended this product as an alternate to silicone 


rubber. The memorane decomposed between KOOSG and’ 120°C. 
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TEST dOSe 142) SAMPLE DATA 


Pretest Remoulded and Compacted Qil Sand Sample From Saline Creek 
samples 5, 7 and 8; 


Dia.: G° =). 7.576 cm Ww = 0.017 
Heloise 2h “Sa t5<256 scm B= 0. 187 

Area: A = 45.079 cmé 

Volume: V = 686.91 ml Vee) 1596.5. mm 
Mass: Mo = 1270°4 Vip ae 12OG 4 Om | 
Mass. Solpds.= «O55: g Dry Density = 1.537 Mg/m? 
Density: = 1.850 Mg/m 

Porosity: = AO e406 

VObG Rat TOs = 0.718 0g 


Remoulded Sample After Test TOS 14 


14.94cm 
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RECOMPACTED SALINE CREEK OTL SAND 
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PORE PRESSURE = 2000 KPA 
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FIGURE E14.2 Triaxial Test TO0S14: Deviator Stress Vs. 
Strain 
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WEST ,IOS. 45 


lsotropic Compression and Passive Triaxial Compression 


of Cold Lake Oil Sand Sample 12B at 200°C 


Procedural Details: Test TOS 15 


Note: 


Cold Lake oil sand sample 128 was a frozen core sample 
taken from the Clearwater Formation (depth 400 m) at 
ESSO*S Leming -pilllion project atuCold Lake in 1978. 

Sample 12B was thawed and back saturated for 22 hours at 10 
MPa back pressure and 14 MPa isotropic confining stress. 
The apparatus and sample were heated to 200°C drained, i.e. 
at 10 MPa constant back pressure. Volume change (i.e. | 
volume of pore fluid expelled) was monitored during 
heating. 

The temperature was allowed to stabilize for 16 hours, then 
the sample was subjected to three cycles of isotropic 
compression over the effective stress range 4 - 17 MPa. 

A drained triaxial passive compression test was performed 
by increasing vertical compressive stress at an average 
rate Sore kKPa/minute while maintaining the back pressure 
and horizontal confining stress constant at 10 MPa and 14 
MPa respectively. 

Pore pressure response to undrained heating was determined 
above 200°C. This was carried out, in part, to test the 
durability of a silicone rubber membrane coated with 4 to 5 
mm of tluorosilicone (Dow Corning RTV730) rubber compound. 
The membrane depolymerized and began to leak at about 


235°C. uhhe Testewacs tenmi nated at 245°C. 
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TESUTOs No. SSAMPLE DATA 


prepress: Cold Lake Oil Sand Sample 128: 


Dias: @ = 7.500 cm w= 0.056 
Hetent: “His. 5.000" cm Bat 50h 46 

Area: A = 44.179 cmé 

Volume: Vo =) 662.68 im) , Vie >). 408. 8° nu 
Mass: Mi! ESO 2G Vybe" 3255 -9° ml 
Mass Solids = 1083 g Dry Density = 1.635 Mg/m? 
Density: = 1.965 Mg/m? 

POrRoSitty: Sr) O50 

Votd Ratio: = USIGYe lle 


/ Cold Lake Sample 12B After Test TOS 15 
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X10 
1.050 


COLD LAKE SAMPLE NO. &B 


TEMPERATURE ~ 200 DCG C 
EFFECTIVE CONFINING STRESS ~ 4 tPA 


0.900 


0.600 


DEVIATOR STRESS PA) 
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0.000 
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VOLUMETRIC STRAIN (x) 
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AXTAL STRAIN ™ 


FIGURE E15.4 Triaxial Test TOS15: Deviator Stress Vs. 
Strain 
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BAKE SEMCE ENG. 125 


HEATING CYCLE 2 


MEMBRGNE LEAK 
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FIGURE £15.95 Triaxial Test TOS15: Pore Pressure 
Response to Undrained Heating 
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TEST TOS. 16 


Thermal Expansion of Saline Creek Oil Sand Sample No. 13 


Procedural Details: Test TOS 16 


1. Sample 13 was thawed and back saturated for 21 hours under 
10 MPa back pressure and 14 MPa isotropic confining 


stress. 

2. The apparatus and sample were heated drained, to 190°C at 
which point a leak developed in the rubber membrane. The 
test was terminated at this point. 

Vertical (axial) deformation and volume of fluid expelled 


from tne sample were monitored during heating. 
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TEST TOS 16: .SAMPLE DATA 


Pretest Saline Creek Sample 13: 


Diae: 9 = 7.603 cm Wo a) 102020 
Metgniz He! 915.235 cm Baas 700.190 

Area: A = 45.400 cmé@ 

Volume: V = 691,68 ml Vie = re 2 «9 im] 
Mass: M f=" 1420)g : Map = 24828 mi: 
Mass Solids = 1174 g Dry Density = 1.697 Mg/m? 
Density: =, 2.053 Mg/m? 

Porosity: = "Ge S26 

Void Ratio: = 1 0.90.-0 
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TEST POS 7, 


Drained Triaxial Passive Compression of Saline Creek 


Oil Sand Sample No. 23 at 200°C 


Procedural Details: Test TOS 17 


Sample 23 was thawed end back saturated for 18 hours under 
10 MPa back pressure and 18 MPa isotropic confining 
stress. 

The apparatus and sample were heated under drained 
conditions to 200°C. The volume of pore fluid expelled 
from the sample was monitored up’ to 180°C, however the 
volume change device was isolated overnight. The 
temperature was allowec to stabilize for 15 hours at 
200°C. 

A drained triaxial compression test was performed at 200°C. 
Vertical compressive stress was increased at an average 
fate of 65 kPa/minute while back pressure and confining 
stress were maintainea constant at 10 MPa and 18 MPa 
respectively. 

Vertical (axial) deformation and volume change were 
monitored during triaxial compression. 

A very small membrane leak developed near the peak 
devidiroric siress. wine rate of leakage was measured and 


volume change readings corrected accordingly. 
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VES MiCSaly = TOAMPLE DATA 


Pretest Saline Creek sample No. 23: 


Dia.: Bo = eT 6 50)-em Ww = 
Hetght:. t= 15.042 em Dhaa 
Area: A = 45.963 cmé 

VOrtimes§ Vite 69)..56: | Vows 
Mass: M' = 1420 g ; vias 
Mass Solids = 1174 g Dry Density = 
Density: = 2.054 Mg/m- 

POrOSiIT VE =) {06559 

Void Ratio: = 0.560 -G 
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0.020 
0.190 


442.9 ml 
248.5 mi 
1.698 Mg/m 
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FIGURE E17.3 Triaxial Test TOS17: Deviator Stress Vs. 
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FEST--FOS--18 


Drained Triaxial Compression of Saline Creek Oil Sand 
Sample No. 24 at 200°C Following Stress Path"F" (J1 Constant) 


Procedural! Details: Test TOS 15 


1. Sample 24 was thawed and back saturated for 19 hours under 
10 MPa back pressure and 14 MPa isotropic confining 
STheESS « 

2. The apparatus and sample were heated under drained 
conditions to 200°C. Volume of expelled pore fluid was 
monitored up to 180°C nowever, the volume change device was 
isolated overnight in case of membrane failure. The 
Temperature was allowec to stabilize overnight (i.e. for 16 
hours). 

5- A drained triaxial compression test was performed following 
STressypeth “Fas follows: 

a) Back pressure and isotropic confining stress were 
increased simultaneously to 12 MPa and 16 MPa 
respectively. 

Db) Vertical stress was maintained conStant at 16 MPa 
during the test. 

€)) Horizontal contd nang stress (isew cel pressure) was 
decreased in 250 kPa increments. from 16 MPa To 10 MPa. 
Back pressure was cecreased simultaneously from 12, MPa 
TO Sen Meas 

d) Vertical deformation and volume change were monitored 


during the test. 
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MEST OTROS St PSAMPLE “DATA 


Pretest Saline Creek Sample Nein 22s 


Dias: QZ = 7.590 cm w = 0.035 
Height: Hi  =mat5.143 cm Bast) Oe 145 

Area: A = 45.245 cmé 

Volumes Wore 'ee5. i> mi : Moiese OV eel 
Mass: Mirman Aue. Gg Vyo= 229-4 mi 
Mass Solids = 1208 g Dry Density = 1.763 Mg/m? 
Density: = 2.080 Mg/m- 

Porosity: = 0.334 

Void Ratio: = 0.502 g 
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PEST whOS 19 


Drained Triaxial |lsotropic and Passive Compression of 
Saline Creek Oil Sand Sample No. 19 at 125°C and 4 MPa 


Effective Confining Stress 


Procedural Details:" est TOS 19 


Sample i9 was thawed and back saturated for .Z5 nouns under 
10 MPa back pressure and 14 MPa isotropic confining 

stress. 

The apparatus and sample were heated drained to 125°C. 
Volume of expelled pore fluid was monitored during 

heating. | 

Three cycles of drained isotropic compression and unloading 
were apolied over the effective stress range 4 - 1/7 MPa. 
Back pressure was maintained constant at 10 MPa. 

A drained triaxial passive compression test was performed. 
Vertical compressive stress was increased while horizontal 
confining stress’and back pressure were maintained constant 
at 14 MPa and 10 MPa respectively. 

Vertical (axial) deformation and volume change were 


monitored during The test. 
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MEST TOS. 19s SAMPLE DATA 


Pretest Saline Creek sample No. 19: 


Diae: B= 7.500 cm w= 0.021 
Heri: Hotes 15.055 cm B= 0.162 

Area: = A = 44.179 cm2 

Volumer% Vev=r 665.11 mil Vea 442 slug 
Mass; Mie 2 tooo <g Nijoar 6225600 mil 
Mass Solids = 1172 g Dry Density = 1.762 Mg/m> 
Density: = 2.084 Mg/m? 

POCOStny: = We Do4 

Void Ratio: ate OZ 


sample 19 After Test TOS 19 
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TEST TOS 20 
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Sample heated unsaturated at 150 Deg C for 88 hrs 
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APPENDIX G 


SCANNING ELECTRON MICROPHOTOGRAPHS OF VARIOUS OIL SANDS 
BEFORE AND AFTER HEATING EXPERIMENTS 
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Scanning electron microphotographs of Athabasca and Cold Lake 
oil sand specimens presented in.Appendix G were studied and 
photographed using a Cambridge Stereoscan electron 


microscope. 


Mineral grain fabric and texture of seventeen oi! sand 
specimens are included. - Specimen preparation and_ study 


methods are described in section 3.9.2 of Volume |. 


Mineralogic and textural alterations resulting from elevated 
pressures and temperatures were detected, however, these were 
relatively minor. Grain crushing is believed to contribute to 
loss of yorain interlocking and reduced angle of shearing 


resistance. 
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100M 20kK¥ O1 021 Ss 


PLATE G-1 Oven-dried McMurray Formation oi! sand 
from the Suncor minesite. 
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SUNCOR PIT OILSAND 


40PM 20KV O1 


PLATE G-2 Crystal overgrowth in McMurray 
Formation oil sand from the Suncor 
minesite. 
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PLATE G-3 Tension crack in "case-hardened" 
Athabasca. bitumen between two sand 
grains (in oven-dried oil sand). 


SUMCOR PIT. OILSAND 
20rM 20K 


PLATE G-4 "Case-hardening" of bitumen due to 
unsaturated heating of Athabasca 
oil sand. 
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MCMURRAY 
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PLATE G-5 Oil-free McMurray Formation sand 
grains (loosely packed). 


*MCMURRAY SAND 
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PLATE G-6 Oil-free McMurray Formation sand 
grains. 
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PLATE G-7 Oil-free Saline Creek sand grains 
(closely packed). 
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SALINE CREEK OILSAND 
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PLATE G-8 Intact oil-rich Saline Creek oi| 
sand fabric. 
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PLATE G-9 Bitumen-coated Saline Creek sand 
grains. 


SALINE CREEK OILSAND 
100M 2OKY O1 005 


PLATE G-10 Rugose pore channel in Saline 
Creek oil sand. 
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SALIME CREEK OILSAND 44 
40PM 20K O1 o06 


PLATE G-11 Crystal overgrowth features in 
Saline Creek oil sand. 


PLATE G-12 Saline Creek oil sand fabric 
following 100°C permeability test 
in which 10 percent of the bitumen 
was removed. 
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PLATE G-13 Saline Creek sand grain after 100°C 
permeability experiment. 


200rM 2OoK¥ 


PLATE G-14 Saline Creek oil sand fabric after 
100°C permeability experiment. 
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t i1 dese 


PLATE G-15 Bitumen-coated Saline Creek sand 


grains after 100°C permeabi | ity 
experiment. 
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PLATE G-16 Saline Creek oil sand fabric fol lowing 
a 250°C permeability experiment. 
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PLATE G-17 Clay particles in Saline Creek oil 
sand after a 250°C permeability 
experiment. 
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PLATE G-18 Clay particles in Saline Creek oi| 
sand fabric (note the platy shape of 
Thesclay partiches). 
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PLATE G-19 Saline Creek oil sand fabric after 
compression under 6 MPa confining 
Stress, and 300°C. 


100PM 


PLATE G-20 Bitumen-coated Saline Creek sand grains 
following 300°C compression test. 
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PLATE G-21 Remoulded Saline Creek oil sand fabric 


(note the clusters of "oil-bonded" 
grains). 


PLATE G-22 Saline Creek oi| sand fabric after 
triaxial compression under 8 MPa 
effective confining stress at 200°C. 
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PLATE G-23 Saline Creek oi! sand fabric along 
the principal shear plane following 
triaxial compression at 200°C. 


PLATE G-24 Saline Creek oil sand fabric after 
triaxial compression at 200°C (J1 
constant stress path). 
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PLAT BsG=25 Saline eeeak Beg sand- oheae aan fabric 
after 200°C triaxial compression test. 


PLATE G-26 Fabric of oil-rich Saline Creek oi! sand 
after 125°C triaxial compression test. 
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PLATE G-27 Cold Lake oil sand fabric after 
triaxial compression under 4 MPa 
effective confining stress at 200°C. 
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APPENDIX H 


X-RAY DIFFRACTION ANALYSES 
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APPENDIX 4H 


LEGEND FOR SYMBOLS 


ON X-RAY DIFFRACTION TRACES 


Quartz 

Feldspar 
Pyrite (Fes.) 
Brookite (Ti0,) 


Alumunium sample holder 


Kaolinite 


Dleitee 


Montmorillonite 
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APPENDIX | 


VISCOSITY OF ATHABASCA BITUMEN AFTER UNSATURATED HEATING 


Plate viscometer tests peformed in accordance with 
ASTM D3570-77 Procedure B 


812 


i 
ey 
\ 
¥ 
"1G 
t 
r 
’ 
. 
; = 
) 
h 
3 
/ 
t 
. a 
7 
| 
a 3 
Joly) 
ae 
nouy 
: 
one « 
vs > oy 
yp 
an | 
‘ aoe 
ee | 
5 


a 
= i 
ay | alr: 
i : 
3 
A > hy 
a Dy F = - 
. . 
“~ a ‘ 
u 
= "a >, 
> a | Ns ? 
a 
F 3 ‘ 
» i ' 
' 
iy | 
¢ . = 
: 
\ i 
~ x 
a 
‘ 
P Rl 
f 
i s ov . 
‘ mh t 
, 1 
ure 
‘ 
a 
‘ 


r eee Pas: 


uaey vec LT od ALARMED 


rs t - 


ey “ae ' 
' ie, ' * 


ay at " ~ - bane a a 4 ae oe Tips abt. e7T2i4 


» 
as ‘? e? ” | Nts, 
ee 18 at 61 
‘ . \ 
* ‘ 
- z - 
: ay 
| = 2 ‘ A 
ly ? af cf ~ 
a8 A > 
. 
4 —-- es i< 
Cm es 7 
i 
‘ ~ ! t = 
P } . v * 
ay i ; 
ian be} - ‘ = 
be E , . ) 
j i . NS 
i? Pa ‘ 4 
4 s 
of on ne * Tex 
eva 20 + or) a 
~ ‘ i : oe “ 
j t od 
< th 7 «<*, diet 
ry = 4 i 
t b 7 ., 4 
, - . 
, : = 
. ” a 
" 3 , : 5 . 
, } { yup 
; i 
~ “4 a - 5 i" 


. 
i 


' ~ Wy : 
ae ee ee | - ‘ 
j he a 
, t = 
= ns A . 
uy @ - a 
’ ‘ 
e 
of 
n o 


a a a 


Page 813 


x Z°0 
gOl x £°0 


(S*ed) 
Ay 1soosiy 


89°lb v9°0 
09° 8¢ v9°0 
9L°62 LGN 
LG°¢Z 

x 09°91 


z-01 X OF OI 


jeeys jo ayey Sse4ts Burueeys *dsiq sueyg 4yueyg peeds jsueyg ded sdsiq oyeld Sseuyory, wy t4 OLe ld 


( ,.98S) (sjeosed) ae (wd) (#)°SAIG (99S /UID) (WO) "AIG 44eUD (wa) (,w9) eeuy 
peoy 


SYNOH 2 YOs ANAHdSOWLV | GNV 90561 LV GALV3H 
AIdWVS NAWNLIG VOSVEVHIV NV-xO4 SIINSIN ISIL YALIWODSIA Shire Sie) shea 


i 
\ i 
t 
oT 
ul 
cry Mae 
r=) th 
Reh, 4 
ss est 
ed 
sti . 
tf , ® 
Re i a 
} = 4 (alee , 


: sce * itey 


Page 814 


CB°S 


28° 


COME 


Gee 


CAs) 


ES 


CBC 


z-Ol X 28°2 


(S*@q) (2008) (s}eosed) (SWE49) (wd) (#)*SAIG (30S ud) 
AZISOOSIA | 4e0YyS jo eyey SS044S Buy4eeus peo7 ‘dsiq 4ueu9 44eug peeds juey9 


(JYSHDSOWLY | LV) SYNOH bZ YOF D00GL LV GILVIHIY 
JIdWVS N3WNLIG VOSVEVHIY NY YOJS SLINSIY IST YALAWOOSIA ALW1d  ?2-1 


(WS) "AIG 4f4eYyD 
Jed -dsiqg ayeyg 


d1avL 


(mW) 
Ssouyo1yL Wht 4 


(,wd) eeuy 
848 ld 


Sass ll | 
nals ‘tet 


a gree i <m ) 
fae Sop vere Sai ae BO. 
piliaicoe Bae : bce St .S8 


a 4 eke 
es 


zt ¥ t-0 q S"ot Dabs a 


sj ae ema en a> ne IR 


ral 


= 
~d ¢ 
ome ac _ 
: " , = 
P| : > 
= : . - 
> i . ‘ “ ; 1s ala 
«yf 3 : Fc 
ba : ae 
~ J ‘ ; agipete 
c = Egat y 
J i : 
4 
~~ * 


Page 815 


(S°®d) 
A, 1SoostA 


WRC 
zou & ats 


(,.98S) 
Jeays jo ayey 


(s}eosed) 
ssa4}s Bulueays 


(Sule 49) 
peo] 


(wo) 
*dsig 4ueyg 


(#)°SAIG 
+4e49 


(99s /uD) 
peeds 44yeyg 


(FYUSHdSOWLY | LY) SYNOH bZ YOS 20621 LV GAILVAHIY 
= JIAWYS NAWNLIG VOSVEVHIVY NV YOd SLINSSN 1S3L MILIWOISIA JLWId a 


(WO) "AIG fueYD 
Jed -dsjqg e1eid 


JVAVL 


(iy) 
ssouyol!y, wyty 


(,U9) Pely 
840 ld 


> 


‘ 
ak | 
j 
( 
7 
; 
} 
c , 
i 
. 
, - . 
“ae 
i 


a Peter carob ee 


lw 


APPENDIX J 


COMPUTER CODES FOR ONE DIMENSIONAL HEAT CONSOLIDATION ANALYSES 
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LIST OF PARAMETERS 


NN: Noe of Nodes 

M: No. of Time Steps 

Be Height above base (m) 

DZ: Mesh spacing (m) 

ZL: Dimensiontess Height Ratio 

T: Temperature (°C) 

Or: Temperature Increase (°C) 

Dans Incremental Temperature Increase (°C) 

DTA: Average Temperature Increase for element (°C) 

DTAI: Average Incremental Temperature Increase (°C) 

ae Pore Fluid Pressure (kPa) 

Us Excess pore pressure (kPa) 

Bas Pore Pressure Paraneter relating pore pressure with 
temperature 

DU: Pore pressure increase due to heating (kPa) 

UDR: Pore pressure dissipated (kPa) 

SVO: Initial Total Confining Stress (kPa) 

SVEO: Initial Effective Vertical Stress (kPa) 

DELT: Time Increment 

ALPHAT: Thermal Diffusivity (m@/unit time) 

CY: Coefficient of 1-D Consolidation (m4/unit time) 

MV: 1-D Coefficient of volume compressibility (kPa7!) 

ALPHAS: Po aN et inermal’ Expansion of solid) part tcles 
kor) 

ALPHAF ; oe of Thermal Expansion of solia pore fluids 
CREE) 

ALPHDR: Drained Coefficient of Thermal Expansion of oi! sand 
ear) 


BETAS: Compressibility of solid particles (kPa7!) 
Be lAke Compressibility of pore fluids (kPa7!) 


POR? Porosity 

GAMF : Density of pore fluid (kN/m2) 

GAMS: Density of solid particles (kN/m?) 

GAM: Density of oi! sand (kN/m?) 

DM: Total stress change due to density change (kPa) 

HCR: Dimensionless Heat Consolidation Ratio = (cv/ ) 

RM; Fluid Mobility Ratio = 

ALS Partially Drained Coefficient of Thermal Expansion 
egy) 

DETA: Dimensionless distance 

DTAU: Dimensionless time 

RES Ratio of dimensionless time to dimensionless distance 


OMEGA: Weighting parameter 
NPE: Peclet Number 
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$list hc on *print* 
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CR RRR Rk ok 


Cx * 
Cx PROGRAM HC * 
Cx * 
C* One dimensional heat consolidation of a deeply buried * 
C* oil sand layer subjected to rapid , non-transient heating. * 
G* Mathematical solution of pore pressure dissipation with * 
C* time using the solution presented by Taylor( 1948). * 
Cx Taylor's solution was derived by the Separation of * 
Cx Variables technique ; pore pressure isochrones are * 
C* characterized as sine wave functions * 
C* * 
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G Dimension Array Parameters 
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Constant Parameters & Initial Conditions 


Qe 
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CONTINU 
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$LIST hcd ON *PRINT* 


OOBDADMAIBPWH=DOONDORWP = 


20 


CR RK RRR kk 


Cx * 
Cx FEE AK OK OK OK OKO KK KOK KK KOK OK * 
C* * PROGRAM HCD * - 
C* 2K OR OK KK OK OK OK KK KOK KOK KKK K * 
C* Semi Implicit Finite Difference Solution for * 
Ors One Dimensional HEAT CONSOLIDATION of Oil Sand * 
Ce Coupled with Transient Heating by Thermal Diffusion. * 

* 


Cx * 
Cx Properties of the oil sand vary with temperature, * 
C* pressure,é& effective stress . Variable parameters as 
C* include fluid mobility,porosity,bulk density, fluid * 
C* & solid densities , pore pressure response to * 
C* undrained heating & coefficient of consolidation * 
C* * 
Cx ASSUMPTIONS * 
Cx * 
Ce 1.011 Saturation is assumed to be constant during * 
Cx gravity drainage . * 
C* 2.Total vertical stress varies with density of the * 
Gx heated materials * 
C* 3.0ne-way drainage is assumed ; the top boundary of * 
C* the oil sand layer is a no-flow boundary. * 
C* 4.The top boundary of tne oil sand layer is assumed * 
C* to inhibit heat flow * 
C= 5.Properties of Saline Creek oil sand are used in * 
Cx the analysis * 
Cx * 
Cx CODED by uU.G.Agar%, duly 1983 * 
Cx All rights reserved by the author * 
Cr 43 
CR KE KE EK KKK OK KKK ROOK RKO OK KKK x 
C 
Gc FER OK KOK OK KOK OK KOK OK OK KKK 
C * MAIN PROGRAM x 
(G 2K OK OK AK OK OK KOK OK OK OK OK KOK KOK 
C 
C 
G Dimension Array Parameters 
C 

NN=32 

M=1441 

M1=721 

M2=361 
C M3=92 

M4=181 

M5=6 1 
€ M6=14 

M7=11 

N=NN- 1 

MM=M- 1 

NI=NN-2 

REAL *4 MV 


COMMON /BLK1/ NN,M,N,MM,NI,DELT,ALPHAT, SVEO 
COMMON /BLK2/ DZ(35,3000) ,T(35, 3000) 

COMMON /BLK3/ Z(35,3000) ,ZD(35, 3000) 

COMMON /BLK4/ UDR(35,3000) ,U(35,3000) 
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GAMS=26.5/(1+ALPHAS*DT(1I,uU)+BETAS*U(I,uI)) 
GAM(I,u)= POR*GAMF+((1-POR)*GAMS) 

DGAM= GAM( I, y= 21 +0 
DM(I,Ju)= DGAM*DZ(1, JI) 
BT ee teclel aAa a ad 
DU(I,JU)=BT(I, dyaDt HT 
CV(I,U)=CV(1,1)*(10**(D 
CONTINUE 

CALL CONSOL(U,uuJ,uI) 
DOAZOt T=2N 

JJ=U+1 


(DTL(1,)/(AF#(SVEO-U(I,J1}}))) 
T(1,u)/200)) 
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Dimensionless Parameters 
DO S05 Jv=2 3M 
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PHAT)/1000 
CONTINUE 

PrTmtcourt 
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232 c oil sand due to 1-D thermal diffusion . The semi * 
233 C implicit formulation yields a tridiagonal matrix * 
234 c at each time step which is solved using * 
935 G THOMAS’ S ALGORITHM . * 
236 C . * 
237 CK KE EK RK KK RK RK RK RRR KKK ROK OR RK KK 
238 G 

239 SUBROUTINE TEMPD(u,uud,JI) 

240 C 

241 COMMON /BLK1/ NN,M,N,MM,NI,DELT,ALPHAT,SVEO 

242 COMMON /BLK2/ DZ(35,3000) ,T{35, 3000) 

243 COMMON /BLK5/ DT(35,3000) ,DTI( 35,3000) 

244 COMMON /BLK6/ DTA(35,3000) ,DTAI (35,3000) 

245 COMMON /BLK10/ A(35),B(35) ,C(35) 

246 COMMON /BLK11/ W(35),G(35) 

247 C 

248 DOs aa te2sN 

249 Praha 

250 Pa | 

251 Atl) == CALPRATADELT) /(DZ(1, U1) **2) 

252 B(1)=1+(2*ALPHAT*#DELT)/(DZ(1I,JUI)**2) 

253 C(1)=A(1) 

254 leet (eh. Gia eGOrd 0) 2 

255 WC2)=C12))/ Bad) 

256 G(2)=(DT(2,U1)-A(2)*DT(1,JU1))/B(2) 

257 GOrrOrs 

298 2 Deal e Oe Nie GOs Ges 

259 WUD) =CUT) AUB Ci) ACT) WOT )) 

260 Gl eta iedde aA tie Gie Dee CB Cl AN Te) Wit.) 

261 GOTO 

262 3 G(N)=(DT(N,JUI)-(2*A(N)*G(NI)))/(B(N)-(2*A(N)*W(NI))) 
263 DT(N,J)=G(N) 

264 1 CONTINUE 

265 NII=N-2 

266 DO? 4) TatsNid 

267 IB=N-I 

268 _ IBuJ=IB+1 

269 DT(I1B,JUJ)=G(1B)-W(1B)*DT(IBu,J) 

270 4 CONTINUE 

271 DO 5 I=2,N 

272 I S13 

213 Dida USD ieelyiy Dia Teel) 

274 DIA dy (Dirty sDT Cit, J) )/2 

275 DA un sa Dapmeierds ce Dalle kau.) 7-2 

276 5) CONTINUE 

ey 7 RETURN 

278 END 

279 e 

280 C 

28 1 Co RK KK A EK EK OK OK RK OK KK OK KK EK KK KK RK OK OK KOK KOK OK KK OK OK KK KK OK OK KOK KKK 
282 & ne 
283 C SUBROUTINE CONSOL * 
284 C Determines pore pressure dissipation with time * 
285 C in oil sand due to 1-D consolidation following each * 
286 c transient heating increment . The semi-implicit * 
287 e formulation yields a tridiagonal matrix at each * 
288 C time step which is solved using THOMAS'’S ALGORITHM . * 
289 C = 
230 CR EE KOK A EK OK KK KE ER KE KK OK KK OK OK KOK KKK Ok 
291 C 
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596 
-(nd of file 
SCOPY *1 *PRINT# 


SUBROUTINE CONSOL(U,uud,JuI) 


COMMON /BLK1/ NN,M,N,MM,NI,DELT,ALPHAT, SVEO 
COMMON /BLK2/ DZ(35,3000) ,T(35,3000) 

COMMON /BLK4/ UDR(35,3000) ,U(35, 3000) 
COMMON /BLK5/ DT(35,3000) ,DTI(35,3000) 
COMMON /BLK6/ ey 3000), DTAI(35, 3000) 
COMMON /BLK8/ CV(35, 3000) ,D M(35, 3000) 
COMMON /BLK9/ B ae eee ee 3000) 
COMMON /BLK12/ AA( 35), B35), C(35) 

COMMON /BLK13/ WW(35),GG(35) "BGAN 35,3000) 
COMMON /BLK14/ DH 35, 3000) 


ADDZEowrH 
~~~ > 


UU) ISN Gh Sg pe a) EN ea ies ef 


IB=N-I 
IBU=IB+1 
UDR(IB,J)=GG(IB)-WW(IB)*UDR(IBu,u) 
CONTINUE 

DO 5 I=2,N 7 | 
U(I,J)=DU(1,JU)+UDR(I,Jd)+DM(I,J) 
CONTINUE 3 

RETURN 

END 


-(2*AA(N)*GG(NI)))/(BB(N)-(2*AA(N 


Page 826 


)) 
BB(1)-AA(I)*WW(II)) 


)*WW(NT) 


So Re ASH. (OnDE. 
N6GE. be) 89 
2 28 \ a5 
Dis ae! 
Rina et, 
Le gf Gas bata it ee 
(ts PEGI Otas det GC" Asta, dy ait) ss 
(N (0, LISG)\ Faaeerh, SiV5es iat sik Aa iy: 
iat (3) AARORIOO Gs 7 
‘ee 5 Sedat . 
SRY (CUE OTS) AA*) Thy wiped: 
hy r the t OT. 
ear Gh) yi! iT oe. LiVG lag ahe / 
_ aed EO aad ars oT aR” Sa 
) Seat iG. 2) ha V1 JaGMOW AN DOS ima 
mPa ny re) 7 g Danas 6 \ = (ne 
‘ : <a T. ‘Oe: a } a 
he ns iis + pony Baril i ti Pet! « 
- a aS ipo tye Mies holt 
- fac Lane Ri 
1 20) Mey ri ace alaganls WIDE 3) ) Sg 
iS Baia tins Sth ie 
SU a SOALT i J 
¢ +> ‘diet 2 : 4 oe rf nh > 
: gt, 1, tel OG. 
‘ Ba i I E 
fieh 
n) Ms vatitele ie] aad 
‘ a J Z \ ni Lin uP us 
| gt hide ach Nia 
hes Mr meet Bae Et} 
Pe ais aa 4a ‘aa’ oF Ae wt Ae 
iy - 
Ae) eas 
, At ‘a ve is as 3: J 4 


oy ty ee at "7 


Re 
hy , a 
rd ; i 
i es aes 
} ) i. 
art Wa i=y ae. ; Fi 
- ae = 
‘@ [7 ¥ i > wn cs ¥ 
_ * : 
i; ate 
i < i. a od . 
f Le: - 
| 
{ae = " rey ) 
aR i,’ © ’ “s diednige At eiytie ca 1 
{ ‘< : af bik & tL 
a j ‘ 
\ j 
* i \ wer / 5 ; ; 
P $2 
i 
. 
ic { 
! ' 
q 4 
is F 
5.3, pee Beier. PROGRAM HCCD 
fr : ) 
— o = 
i | a 
Cae 
tal. iy 
ae | 
o~ 1 
es 
on by 
t 
a“ 
i 
Ne 
te 
é A 


; 827-: 


‘ . 
1 
, 
i 
om | 
»¥ 
- 
{ . 
+ 
z *) 
+ = 
> ¢ 
+ 
. Pret 
a 
' 
\ ‘ 
. 
t 
o 30 
‘ 
’ K 
te 
> - 
“ 
' 
* 
‘4 
t 
i 
1 
ne 
ie 
- ra | 
vt 


Page 828 


$LIST hccd ON *PRINT* 


OAIDNDMNIHPWH=+DOMOONMDO Hw = 


19 
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C* * 
Cx FE OK 2K KK KOK 2K OK OOK OK OK OK KK KOK K * 
Cee * PROGRAM HCCD ¥* * 
Cx FE KK OK RK EK KOK OK OK OK OK KOK KK * 
Ce Semi Implicit Finite Difference Solution for * 
cx One Dimensional HEAT CONSOLIDATION of Oi1 Sand * 
C* Coupled with Transient Heating by both Thermal * 
C* CONVECTION & DIFFUSION. * 
Cx * 
Cx * 
Cx * 
C* Properties of the oil sand vary with temperature, * 
C* pressure,& effective stress . Variable parameters * 
C* include fluid mobility,porosity,bulk density,fluid * 
Cx & solid densities,pore pressure response to undrained * 
ce heating & coefficient of consolidation * 
Gr * 
Cx ASSUMPTIONS * 
C* * 
C* 1.011 Saturation is assumed to be constant during * 
G2 gravity drainage * 
C* 2.Total vertical stress varies only with density * 
C* changes of the heated material . * 
C* 3.Q0ne-way drainage is assumed ; the top boundary of * 
GF the oil sand layer is a no-flow boundary. * 
Cx 4.The top boundary of tne oil sand layer is assumed * 
C* to be a barrier to heat flow . * 
Ce 9.Properties of Saline Creek oil sand are used in * 
Cx the analysis * 
C* : * 
Ge CODED by JU.G.Agar , July 1983 * 
C* All rights reserved by the author * 
Cx * 
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* MAIN PROGRAM * 


7K OK 26 OE OK OK OK OK AK OK OK OK KK KK 


Dimension Array Parameters 
NN=32 


M=1441 
C M1=541 

M2=721 

M3=361 

M4=181 

M5=61 
€ MS=11 

M7=6 

N=NN-1 

MM=M- 1 

NI=NN-2 

REAL *4 MV | 

COMMON /BLK1/ NN,M,N,MM,NI,DELT, ALPHAT, SVEO 

COMMON /BLK2/ DZ(35,3000),T(35, 3000) 
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COMMON /BLK3/ Z(35,3000) ,ZD(35, 3000) 
COMMON /BLK4/ UDR(35,3000) ,U(35, 3000) 
COMMON /BLK5/ DT(35,3000) ,DTI(35, 3000) 
COMMON /BLK6/ BU eSB GOT AE tein be, 
COMMON /BLK7/ P(35,3000) 


COMMON /BLK8/ C v(35, 3000) ,DM( 35,3000) 
COMMON /BLK9/ BT(35, ee ee an 
COMMON /BLK10/ A(35), ie SH GEC) 

COMMON /BLK11/ W(100),G(100),RM(35, 3000) 
COMMON /BLK12/ AA(35), BB(35) ,CC(35) 

COMMON /BLK13/ WW(100 i GG( 100) ,GAM(35, 3000) 
COMMON /BLK14/ DH(35, 3000) . 


Int-ti al Cond 1t-tons 


SVO=9000. 
SVEO=6000. 

DOHC i= 2 NN 
Be 4 

DPC t=0 

Di Aes hie 0 

TC =5e0 
Peta tO ClO Ich) 
DZOle ty sivect a0 

ZAR PST DLE. 1 ) 
CGT aie 
CVE lea VOe 
RM(1,1})=5.4E-07 
Bet Pt 2S Wee/ 10. 
CONTINUE 


Boundary Conditions 


= 


CO -=- h o- 
hom “oS Gi 
ec Cl. 
mo - . 


mi twrAnrMootn 
1 
>) 
Oo) 


Cc —~— tt W— th tt Ce 


Constants 


AF=1.00 
DELT=1.0 
MV=5.0E-07 
ALPHDR=3.6E-05 
ALPHAT=6.0E-05 
ALPHAF=5.2E-04 
BETAS=5.0E-09 
ALPHAS=4. 3E-05 


Heat Consolidation Calculation 


DO 30 J=2,M 

JJ=ut1 

Jl=J-1 

CALL TEMPC(J,Ju,JulI) 
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25 


20 
30 


DO 25 1=2,N 
BETAF=4.0E-07*(10**(DTA(I,u)/200) ) 
POR=0.33*( 1+MV*U(I,uI)-(ALPHDR-ALPHAS) *D 
GAMF =9.85/(1+ALPHAF*DTA(I,u)-BETAF*U(I, J 
Be FO Us BL A lla Ar lie Oat a J 
GAM(1,JU)=POR*GAMF+((1-POR)*GAMS) 


DGAM=GAM(I,J)-21.0 


DM(I,JU)=DGAM*DZ(1,uJI) 

Bini Ueda d Bit Tad) AC DIAC LT NiAre (SVEO-U(T, JI) )))) 
DUC Ty, Wye Bia Ts U)*DTAI(I,d) 
CV(1,U)=CV(1,1)*(10**(DTA(I,u)/200) } 
RM(I,uU)=CV(1I,U)*MV 

CONTINUE 

CALL CONSOL(U,uJuJ,uI) 

DO 20 [=2,N 

JJ=uU+1 

Jl=uJ-1 

TJ=1+1 

IIl=I-1 

DZ(1,J)=DZ( 1, 1)*(1+(MV*U(1,Jd))+ALPHDR*DTA(I,u)) 
Z(las) = Za Ie (09 DZ {1 yd) 

TE) Shale PO Te U) 

Patel ree) = Pde, toc (AT ft) 

CONTINUE . 

CONTINUE 


Dimensionless Parameters 


DO 50 J=2,M 
DO 40 T=1,N 
DH(I,u)=100*( 
ZDOVI, eztv 
CONTINUE 
CONTINUE 


Printout 


PRINT 95 
FORMAT(’ Dep 
WRITE(6,96) ( 
FORMAT (F7. BZ 
WRIT Ett6yOi7) Oi 
FORMAT(F7. Assi 
WRITE(6, 98) | 
FORMAT(F7.4,2 
WRITE(6, 99) ( 
FORMAT(F7. 4,2 


TAN TN TN TN ect 


PRINT 100 
s. Depth & Time’ ) 


M7),1=1,N) 
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rature Pressure Time 
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I,M),P(I1,M),M,I=1,N) 
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WRITELGR 122) (D5) 2M2) sZ001 M2); 1=1,N) 
122 FORMAIM AX, GTO 234%" 264640438 .! 6%) 
€ WRITE(6, 123) (DT(1,M1i),ZD(1,M1),1=1,N) 
C123 FORMAL (Gh O63 tite GiOusa!.! 
WRITE(6ot24) (Die 1 iM) ZD(1,M) ,1=1,N) 
124 FORMAT (MXP GTO" BY 2G10734 >.’ ) 
G 
PRINT 105 
105 FORMAT(//2X,' Pore Pressure vs. Depth & Time’ ) 
WRITE(6,106) (U(I,M7),ZD(1,M7),1=1,N) 
106 FORMA PAG TO aoe GTO tsi a") 
C WRITE (6,107) (U(I,M6),ZD(.1,M6),1=1,N) 
C107 BORMATHEK iG 10 cst a G40 goes ite) 
WRITE(6, 108) (U(I,M5),ZD(1,M5),1=1,N) 
108 FORMAT (GHO. 8% ney t Gd gear aia) 
WRITE(6,109)(U(1,M4),ZD(1,M4),1=1,N) 
109 EGRMATCIAMGTORS ae * KG 1083”. ” 
WRITE (6, 126) (UCL M3),ZD(1,M3);Ts4,N) 
126 BORMATVGTOSs sume GtOss.. 7”) 
WRITE CO. 127)0UG1 M2). Z0(1,M2)., = 1, N) 
127 FORMAT TASG RO Wee PFE TO 93 ai) 
6 WRimE G6 12 eat U4er Mit eZ DE eM Le B= oN) 
Giz2s EORMAMUGHO soiree. Gd Omari) 
WREEELO IQS} CUT MI aZDUT eM) ola 4 oN? 
129 FORMAT iNeG hore ws Gres.” 2) 
G 
C 
WRITE(6,120) DH(N,M7),DH(N,M5),DH(N,M4), 
&DH(N,M3),DH(N,M2),DH(N,M) 
tO FORMAT (3G12. GLP sGil. 6 ey 
C 
STOP 
END 
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SUBROUTINE TEMPC 
Determines temperature distribution with time in 
oil sand due to 1-D thermal convection & diffusion . 
The "TRUNCATION CANCELLATION PROCEDURE" (Laumbach, 
1975) was used to formulate the semi-implicit 
difference equations . Forward difference expressions 
are used to approximate time derivatives & central 
differences are used for spatial derivatives. Flow 
velocity is described by Darcy’s Law . A central 
difference expression is used to approximate the 
the. velocity which varies nonlinearly in space & 
time . Triadagonal matrices are inverted & solved 
by Thomas's Algorithm. 
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SUBROUTINE TEMPC(J,uu,JulI) 


COMMON /BLK1/ NN,M,N,MM,NI,DELT,ALPHAT,SVEO 
COMMON /BLK2/ DZ(35,3000) ,T(35, 3000) 

COMMON /BLK3/ Z(35,3000) ,ZD(35, 3000) 

COMMON /BLK5/ DT(35,3000) ,DTI(35,3000) 
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5 CONTINUE 
RETURN 
END 
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* 
SUBROUTINE CONSOL * 

Determines pore pressure dissipation with time * 
in oil sand due to 1-D consolidation following each * 
transient heating increment . The semi-implicit * 
formulation yields a tridiagonal matrix at each * 
time step which is inverted & solved using * 
"THOMAS’ S ALGORITHM" * 
* 

ne 
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SUBROUTINE CONSOL(uU,du,JuI) 


QDIVQDQ QD QD O'1@O'O'@ 2 @i@i@:@ 


COMMON /BLK1/ NN,M,N,MM,NI,DELT,ALPHAT,SVEO 
COMMON /BLK2/ DZ(35, 3000) ,1(35, 3000) 

COMMON /BLK4/ UDR(35,3000) ,U(35, 3000) 

COMMON /BLK5/ DT(35,3000),DTI(35, 3000) 
COMMON /BLK6/ DTA(35,3000) ,DTAI(35, 3000) 
COMMON /BLK8/ CV(35,3000) ,DM(35, 3000) 

COMMON /BLK9/ BT(35,3000) ,DU(35, 3000) 

COMMON / BEKI27> AAU35)  BBV3so} , CC Uso 

COMMON /BLK13/ WW(100),GG(100) ,DGAM(35, 3000) 
COMMON /BLK14/ DH(35, 3000) 


ele 


E 
)*DELT/1.0) 


TS CVT 
AVG*DELT) / 
*CVAVG*DEL 


IBU=IB+1 

UDR(1B,u)=GG(1B)-WW(1B)*UDR(IBu,u) 
4 CONTINUE | 

DO 5 1=2,N 

U(1,J)=DU(1,Ju)+UDR(I,J)+DM(I,J) 
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358 PU meh Oo euar mo esU CT ut 
359 > CONTINUE 
360 RETURN 
361 END 
End of file 
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$LIST hcdr ON *PRINT* 
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Cx* * 
C* 2K KOK OK OK OK OK OK OK OK 2K OOK OK OK OK OK KOK * 
Ge * PROGRAM HCDR * * 
C* 2K OK 3K OK OK KOK OK KOK KOK OK OK OK KOK K * 
Ce Semi Implicit Finite Difference Solution for * 
C= One Dimensional HEAT CONSOLIDATION of Oil Sand * 
ee Coupled with Transient Heating by Thermal Diffusion * 
OF in Radial Coordinates = 
Gx * 
Cx * 
C* Properties of the oil sand vary with temperature, * 
Ce pressure,& effective stress . Variable parameters * 
ex include fluid mobility,porosity,bulk density, fluid * 
Ce & solid densities , pore pressure response to * 
Cx undrained heating & coefficient of consolidation * 
Cx * 
Cs ASSUMPTIONS * 
C* * 
(Gr 1.0i1 Saturation is assumed to be constant during * 
oF gravity drainage . * 
C* 2.Total stress variation with density of the heated * 
cx material is not considered * 
C* 3.Qne-way radial drainage is assumed ; * 
Coe 4.The lateral boundaries are constant pressure/temp- * 
C* erature boundaries * 
Cx 5.Properties of Saline Creek oil sand are used in * 
Ce the analysis * 
Cx * 
C* SS CODEDY BY IEG AGaresduly 1983 * 
Cx All rights reserved by the author * 
* o 

Fe iia tlat a DEGREE eae te POSE OIG Nang MN ale 
: 2K OK OK OK OK 3K KOK OK OK OK OK 2K OK KOK 
C * MAIN PROGRAM * 
G 2K OAK OK OK OK KK 3K KK OK OK OK OK OK OK 
C 
§ 
C Dimension Array Parameters 
G 

NN=32 

M=1441 
C M1=541 

M2=721 

M3=361 

M4=181 

M5=61 
C M6=11 

M7=6 

N=NN- 4 

MM=M- 1 

NI=NN-2 

REAL *4 MV 


COMMON /BLK1/ NN,M,N,MM,NI,DELT,ALPHAT,SVEO 
COMMON /BLK2/ DR(35,3000) ,T(35,3000) 

COMMON /BLK3/ R(35,3000) ,RD(35, 3000) 

COMMON /BLK4/ UDR(35,3000) ,U(35, 3000) 
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COMMON /BLK5/ DT(35,3000) ,DTI(35, 3000) 
COMMON /BLK6/ DTA(35, 3000) ,DTAI(35, 3000) 
COMMON /BLK7/ ane 3000) ,HCR(35, 3000) 
COMMON /BLK8/ C V(35, 3000) ,DM( 35,3000) 
COMMON /BLK9/ BT(35, ee 3000) 
COMMON /BLK10/ A(35),B(35),C(3 5 ) 

COMMON /BLK11/ W eee 6(35) 

COMMON /BLK12/ AA(35),BB(35) ,CC(35) 
COMMON /BLK13/ WW(35),GG(35), GAM (35, 3000) 
COMMON /BLK14/ ALP(35,3000) 


Initial Conditions 


SVO=9000. 
SVEO=6000. 

DO 10 I=2,NN 
Riel sal 

De gl st k=O 
DIA Hy tee 
Lit eS 20 

Poly h=3000. 
DR te eae 
R(I,1)=1I*DR(1, 1) 
Wats) =O" 

CVA at =i Oe 
BT(I,1)=SVEO/10 
CONTINUE 


Boundary Conditions 


CIC Ca iC 

GT BEE gh OE A Ci ae 
—-O: NMOODO:- = 
Sie Swi - 
= = (ayn = 


Ga — ah — th ee 
OOo - 


(Qi asics le) J 29 208s) 
OoO<=—-—— H—- O0—-O 
+—--~- ~ —~ —~ eee 
mntboodurrnowonu 


a ee ee 


= 


Constants 


AF=1.00 
DEMR= 3. 40 
MV=5.0E-07 
ALPHDR=3.6E-05 
ALPHAT=6.0E-05 
ALPHAF=5.2E-04 
BEEAS=5 A0E-09 
ALPHAS=4.3E-05 


Heat Consolidation Calculation 


DO 30 J=2,M 

JJ=uU+1 

Jl=U-1 

CALL TEMPD(J,uu,JlI) 

DO 25 I[=2,N 

BETAF=4.0E-07*(10**(DT(I,uU)/200) ) 
POR=0.33*(1+MV*U(I,uI)-(ALPHDR-ALPHAS) *DT(I,u)) 
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ee 
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35 
136 
{37 
138 
uso 
140 
144 
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143. 
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to] 
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ios 
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GAMF =9.85/(1+ALPHAF*DT(1,uU)-BETAF*U(I,Ju) ) 
GAMS=26 .5/(1+ALPHAS*DT(1,JU)+BETAS*U(I,J)) 
GAM(I,Ju)=POR*GAMF+( (1-POR)*GAMS) 


DGAM=GAM(1,uU)-21.0 
DM(1,JU)=DGAM*1.0 

BTL, J)=1/((1/BT I peel) 
DUTT ViRB Il J) tT (Iu 
CVI UISOV OT: 1 1)*(10**(D 
CONTINUE 
GALIAKCONSOU NU ud Ty) 

DO 20 1=2,N 


ee Regen et) )))) 
PL.) /200)) 


V*¥U(IT,d))+ALPHDR*DT(1,u)) 


Dimensionless Parameters 


DO 50 J=2,M 

DO ai T=2,N 

WE. 0, 001 )GG TO) 41 

=((MV*U(T, i) PAR PHDIRD Teglatun)s) ADIT (led) 


nee /1000 


CONTINUE 


Printout 


PRINT 95 

FORMAT(' = Radi 
WRITE(6,96) ( 
FORMAT(F7.4,2 
WRITE(6,97) ( 


be mperature Pressure Time ’ ,//) 
R( I 

Pum 

R(I 
FORMAT(F7. Anan les 

R(I 

ee ibe 

R( I 

alba 


(1,M7),P(1,M7),M7,1=1,N) 


p 
hal tee 

WRITE(6,98) ( ele Si) eA MS MS ol = 1 Nid 

FORMAT Tbe 4,2 ) 

WRITE(6,99) ( ( 

FORMAT(E7. Ae ) 

PRINT 100 

FORMAT ( / eA & Time’ ) 
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174 WRITECG A227 .RDOT> M2)),07(12M2),T=1,N) 
eS) 122 FORMAUN AKG 1OLS 1S 4Ga.0e 31", >) 
176 C WRITECG. Io miro. EMT)! OL(1 M1), 1=1,.N) 
177 Ci23 FORMAT UGH Ores A .Gd0 ee)! ) 
178 WRITE(6,124)(RD(I,M),DT(I,M),1=1,N) 
179 124 PORMESMWINE GONG;  aanal@e 34%, 7). 
180 C 
181 PRINT 105 
182 105 FORMAT(//2X,‘ Pore Pressure vs. Depth & Time’ ) 
183 WRITE(6,106)(RD(I,M7),U(I,M7),1=1,N) 
184 106 FORMAT(G10. a0 3 fe) 
185 ¢ WRITE+6,.107)}(RD(1,M6),U(1,M6),T=1,N) 
186 C10:/ PORMAUMAMGTOGS pays 7 G10.3, 4") 
187 WRITE(O OS )URDCT MS) UCT;M5) ,P=1,N) 
188 108 FIORMATAGH 0 ener ee G One 95) 
189 WRITE(6,109)(RD(I,M4) ,U(1I,M4),1=1,N) 
190 109 PORMATA thy GLOr Chae GO lO.3,° 5 /) 
191 WRITES, 1269, RDA TS MS)”, Ul TMS), THn9 Np 
192 126 PORMATCGH Onan Ga GlOcGh! t. 0 
133 WRIAE(O, T2770 RDA TMZ) UCT M2), Lat Ni} 
194 f27 EORMAd MU AesGd Cmns ane me GOTO 23,.” 5 4 
195 e WRITE(6, 128)(RD(1,M1),U(1I,M1),1=1,N) 
196 C128 FORMA (GUOLMGEY er iGTOn- es i ye a) 
197 WRI TEMG, 1290 RD (TOM) UCT M) T=4,N) 
198 129 FORMAT. i Gal Oman euy ee GPOg S547) 
199 C 
200 PRINTS it5 
201 115  FORMAT(//2X,‘ Thermal Expansion Coeff. vs. Depth & Time’ ) 
202 WRITE 6,16 )6CR DCT 7 ANSP (ML Mi72), Satie Ne 
203 116 PORMAMUGMOMeE “IG TOn Soe.) 
204 C WRITE(6,117)(RD(I,M6),ALP(1I,M6),1=1,N) 
205 Ces PORMATH Ae GMOS, seerGlO. 35. 47 J 
206 WRITE(6,118)(RD(I,M5),ALP(1,M5),1I=1,N) 
207 mie FORMAWM GH OR SR o Ga Osc5. 5.) 
208 WRITE(6,119}(RD(I,M4),ALP(1,M4),1I=1,N) 
209 119 FORMATS (Gil Ose ee GdOe sea. f.) 
210 WRITE(6,130)(RD(1,M3),ALP(1,M3),1=1,N) 
244 130 FORMAT CG 1Opos Se Gunns nae 3) 
2a 2 WRITE(6,131)(RD(I,M2),ALP(1,M2),1=1,N) 
2n3 ew FORMAT.(s1 X9 GAO osSyan 1h GH 0bn os tae ak) 
214 C WRITE(6, 132) (RD{ 1, M1), ALPX 1, M1), 1=1,N) 
ZS CA 32 RORMAINCGIO35 5 eGl0e 37s) 
216 WRITE(6,133)(RD(I,M),ALP(I,M),1=1,N) 
2a ss FORMA TIIX: GO veto GlOwe. 4) 
218 G 
22-3 Shoe 
224 END 
225 C 
226 C 
227 C 
228 CK KK RE EEE EE EE EE EE EE RE ER ORO EEE RE ROK EE KK KE EEE 
229 C * 
230 C SUBROUTINE TEMPD * 
23.1 C Determines temperature distribution with time in * 
232 G oil sand due to 1-D thermal diffusion . The semi * 
233 C implicit formulation yields a tridiagonal matrix * 
234 C at each time step which is solved using * 
200 C THOMAS’ S ALGORITHM * 
236 G i 
237 CK A EE A A EE ER I OR ROR OE EO EOE ER ER OK 
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270 
261 
202 
OES 
274 
is 
276 
Zit 
278 
219 
280 
281 
282 
283 
284 
289 
286 
oT 
288 
289 
290 
201 
292 
25 
294 
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C 
P SUBROUTINE TEMPD(u,ud,u1) 

COMMON /BLK1/ NN,M,N,MM,NI,DELT,ALPHAT,SVEO 

COMMON /BLK2/ DR(35,3000),1(35,3000) 

COMMON /BLK3/ R(35,3000) ,RD(35, 3000) 

COMMON /BLK5/ DT(35,3000) ,DT1(35,3000) 

COMMON /BLK6/ DTA(35,3000) ,DTAI(35, 3000) 

COMMON /BLK10/ A(35),B(35),C(35) 
< COMMON /BLK11/ W(35),G(35) 

NII=N-2 

DO 1 I[=2,N 

Il=I-1 

IJ=I+1 

Fa to tape #((1/(2#R(1, U1) *DR(I,UI)))-(1/(DR(T, UE) 

2K ) 

eh Clee eee ee a8 I,J1l)**2) 

Ctl P=VALPEAT*DEET )*((-1/(2*R( 1 dD )*DRGI Jl) ) )-(1/(DR(1,u1) 

&**2) ) ) 

DEA UL $61. 2 ef GOSTO: 2 

W(2)=C(2)/B(2) 

G(2)=(DT(2,U1)-A(2)*DT(14,u1))/B(2) 

GEe tong 
2 We (UT FQN I eEOuTO 73 

W(I)=C(1)/(B(1I)-A(1I)*W(I1)) 

GG SD Te A eG Cli) / (BCL) ae Ct 1) 

GOwTO 
3 G(N)=(DT(N,JI)-(2*A(N)*G(NI)))/(B(N) -(2*A(N)*W(NI))) 

DT(N,uU})=G(N) 
1 CONTINUE 

DO 4 TsitgNil 
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297 COMMON /BLK5/ DT(35, 3000) ,D T1(35 3000) 
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299 COMMON /BLK8/ EN ee 3000) ,DM(35, 3000) 
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635 RETURN 
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FIGURE L2.1 Stress Changes Around the Shaft After 
2 Years of Steam Injection 
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FIGURE L3.4 Stress Changes Around the Shaft After 
1 Year of Steam Injection 
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Years of Steam Injection 


DISPLACEMENT SCALE 1:100 


2 Woe v re te | 7% 


‘4 : 
ee ee ceacpeensen 


, M ee APs 
<i tab ss 7 
Dc sR EE Re areth> el iG 
“a } S ; eared. eer Pde 
: ; ‘ weed 1s 
i — - win trate “ =r NN -_ ind Ug 
ee > Wu ayy ‘ at ; vi TT 
; ah, = i j 
J Ce ios : 
, 7, ' i r \ ; se 
= F 
2 sy a 
‘iY P = : 
; z ca | La ~~ b 
‘ ——e ¥ i, Lory 1 
j . “ETS ai - aly bbe +E ay A 
i 4 ee Se ‘ or Re aA 
: ij : > es > 
* ha en 
lm i. 5 
a ae -- —_— “) 2 = 
' 
, , \ — 7 ; 
5, P all ont) +. nar ¢ ole © wires le ail oe é 
sd wnt celaiet off oh wen shee ere oy 4 sit 
i 
_ 7 MF ace ee 
ra 7 i cf 
* - a ae 
“ , ; 
i Del & 
i ~*~ : 
(oe a 
i - a ~ | - 
es ar eee eS ee ee eer Te 
1 i : ~ = a> 2 i) 
4 op rt i) oS I 
one \« oe 
1 : , =4 ie 
° ‘ .” 14> y * 
wha ( 1 ¢ ‘ | ra OV Ae ie a a 5 al etn yh sank ™” ve. 
os , oi 7 La 2 
: 1) ous... Ue Daitete “a : ie 
© : J : ¢ 4 
. 4 iY | = og. « x 
s : eee, ; 
‘ 
‘ 7 re 
i * i 
o 7 d 
ms ¥ «= wy 4 ‘ 
a ; 
é. ‘ ‘% ; AA i i 
/ ig Ca i - j i i 
5 i 
“3 4 ; ‘ 
4 ae | ‘ 
i ‘ \ 
i a : ‘ . fay rs 
; ie —- ¥ F 
Fi i eee 
et 7 » 
‘ af " iy 
eit mt ! : . Ae! 
hy PE ’ ) 
* i iy | ; 
' 3 ? 
SS c , { — LJ ah ¢ 
: | ad : 7 : 
' at é i bik AW i J ois 
u- j ( ih 
i ae | meta oe S tg tei IKGa Gi eU a 
+ 4 “4 r bead | a 
Me 
s a . 
t= - - _ ¥ chy A seed 
“ A , 
i | hie ; i iy we - 
t 
‘ \a 
ne 
‘ =) : j 
ne: ; . 
é * 
aan 


STRESS ( kPa ) 


4YS00 


3000 


1500 


Page 8/2 


| Duration of Heating € Injection = 4 Years 
br Constant Pressure Boundary At The Production Zone 
if 
ie 
i 
| 
\ 
= 
i 
F LEGEND 
o—s Radial Stress 
@—e Tangential Stress 
o——+ Vertical Stress 


0 10 20 7,30 40 SO 60 70 


RADIUS (w) 


FALUN IL SoS Effective Stresses Around the Shaft 
Biter 4 Years of Steam Wnyeeiiion 


= 
+b 
] 
{ 
: 
‘ 
eaten uber eTiTR G2 ES) vale he 
is 
ead + ruben! galralt by regres 
neh! oltre ll fr yeteae geet’ eet 
” 7s . 
i ihe ' i) 
¢ 
Ca ee aanninn ater SUSY samc home lh AL VE el Mn 
; » f i 
; ry 
51 { 
~ ae . it 
i eh et 
g A 
-4 ae ~ Ve 7 ; 
y aa wr eri mate Pee) oes eae fl 
i ee a ns 
44 , Be < ty 1 y 
ant y j ‘ 
‘ . f me - eis 5 
] worst Mi paggen?- came | 
‘ eer aie 
- - { a ‘ 
= I ve ave 
2 £ a. 
: ; % a 
i abe oon boll 5 Ra vb seta itt eietie doe fe Daas Th Cree Pee CASS P4 
. } oe 4 ee “ey ‘ a a one Ok 0; U 
. i Sica : + i <4 if 
; wes, re in w ate # sere h sy. | ir . 4 
Sib - oe nm alan ‘ ci ae y . 
eo meas a . iG had iid 4 te 
bate. hace © tinted Us ate ie seas  OVes BARA nea 
\ ( 7 7 . af a were pee eeny > ak i nt Sos 
- i F " ‘ hy “aa 
~ 7 tr 
! ¢' 4 ; a 
A . uh 
i f | ' 
S,, : 
este Ps 
oe <i aD , 
A t tl ' rhb dae a 
a 
A A 4 ¥ 
Q ) i - wa 
z \ - j ; 
H > ' ; t ” 
: oe v 7 
4 ' - rg ~~ 
B j ‘atl A 
% ; a fits 
7 «4 ; de ate 
= i > ' | Pu hes J aes “iw 
> fi « Dae sf 
j j S *@ yee, i 
a } ve 7 a 4 5 om 
ae ao ; ’ : 4 7 Pasay! : 
¥ rag ’ " hem AT yao a) 


Thermal Stress Changes and Deformation Adjacent to a 
Shaft In Oi! Sand Assuming a Compressible Boundary 
Condition at the Production Zone 


7 "4 Mi i 
al bA wet facies: binds | 


i 
4 
be 
rf 
. 
i 
i€ 
j 
4 
~ 
j 
oe 
“ 
oa } 
t 
<3 
ae 
* 
. 
' 
, 
© 
v4 
= 


v0 at" 
Ly 
; 
' 
j 
i 
ut 
~~ 
ae ma! 


i! 
wy 
_ 
4 
5 : 
. 
7 : 
af 
y 
Hf 
4 
a 
=a 
7 
5A 
if 
: 
ye 
5, 
1 
4 
i 
= 
“a j 
\ cy 
’ a 
ia is 
Cana: 
vi 
r ae 
4 me, ,¢ 
Tid 
. 
. 
! 
if 
S| 
‘ : 
' 
tf 
} \ 
a 
' t 
' 


i 


iy 
a 
j ca 
4 
hoe 
. 
es | 
PR | 
i 
‘ 


| abgnad? aborts dearant,,. 
_ wd eb item «ope Mwagapnel 16 at Sheds 


snes ned toubon) ede ia nol tihe 


PE 
at 
za 
f 
r 4 
' t i 
= SS 


+ 
y 
4 
i ‘ 
a! 
; 
i 
i 
* i% 
ri 
i 
+ 
. 
‘ : 
- 
a Se «4 
¥ i 3 
e 
E) 
{ 
‘ 
t i 
= 
+ 
* pa 
5 
Pe 
i 
ae 
a | ’ 
cS 
my 4 
J j 
“? 
Let 
a . 
‘ 
r ‘ ts 
x 
- ! 


STRESS CHANGE ( kPa ) 


0 2000 4OO0 


~2000 


-4O00 


Durstion of Heating € Injection = 1 Month s 


Page 874 


Compressible Boundary At Production Zone . 1 


1 


FIGURE L4.] 


FIGURE L4.2 


fs 
‘s 
r 
LEGEND 

®—e Radial Stress Change 

@—e Tangential Stress Change 

2—+ Vertical Stress Change 
0 10 come 30 4O 90 60 0) 

RADIUS (a) 


Stress Changes Around the Shatt After 
1 Month of Steam Injection 


STE ty A) cay ae a a / ae / 
We ae cee Me a Saag eS LE aS V yf shes 
SO Oe ee es bare re ace NI 
- - - - ~ - _~ - ~ ~ ~ Pree food ia 


Deformations Around the Shaft After 1 
Month of Steam Injection 


DISPLACEMENT SCALE 1+100 


a ee oe SoRaIrAanRe aided ates WMT UNUE MLS Erker 
es 18 ye ee 
eer a a pa aural Me A oe : 
sai rine 20! Seed we aapaane park ; ee 34089 
: =a 4] Te si tee: ¢ te, eto i. P i, ae “ts 
la PY Ate . 
«4 
. nt 
3 
De DY 
es, 
_ a <y 
; F 4 i 
’ “y 


‘ 7 4 
: *)-pepclitgien a eeney aie 
- ‘ : a, ati, i Bats os — v 


t ie ' ; a 
Re eb ; F i, ' hy 
. - rd > : 
8), Eh ere 
: > * 
+ 
*« ‘ re “ Pd a = - 
. 4 = 
1 
«4 ena QS i) ae A ~ —e 
; } . ; Pe | 3 i‘ ee 
hE et eee anes Be Os = engi, 


0 ‘ 


: nM ae 
ke fe MP, | nae 
4 : : =. rh ig 


TAT av Pilea fie err 


vi | 2, ee: 
Peo geese ee 
7 a 


STRESS ( MPa ) 


10 


FIGURE L4.3 


20 


Duration of Heating € Injection = 1 Month 
Compressible Boundary At Production Zone 


LEGEND 

Radial Stress 
Tangential Stress 
o—« Vertical Stress 


30 40 90 60 
RADIUS @) 


Effective Stresses Around tne ShatT 
After 1 Month of Steam Injection 


Page 875 


70 


4 


. wie) © pa res Asia 
ay ¥ -) * ay’ 
vy } Fs Re ay 
-" am 1 ee 1) 
_ oo ae is it : 
a] ; j eo 
; 3 May Eva? Lea eae wou 
oe 2 “ = eruu a 
; ' Tee 29 Ue 
2) sell ee nea 
a, vy eh 4 - v Lg 
i : re ae 0 Z 
mh tS ; Thick 
led ere j 
mi Oh Penee Wena 
ya a” Hal fee” 
m4 - ‘ * 
7 fv a 
me at 
¢ : oy) 
- P nh pa | ! 
¥ ’ 
ae =f 
< P hae 
he Toe ivy 
= bo 
— ‘ 4 
re i a ey ech), 
| iby ar 
‘ Es 
| , 4 
x x. wo os 
’ : ° 
¥ 
hae A ay pene ee Seen tieiehistien deemed 7" 
jot 
= ‘ ES 7 a 
J an | 
eek 4 ; EArt * ae 
Apes 2 a, hire, 4 sere NA pega 
_ AE orion i ieee alt) vereet ; f 
4 | 
. an ‘ oie a ~ 
, se 
7 ‘ aT oe ene " 
yor a ures ) : . 
Yael ; at i so F . 
‘ ‘ F) a 
- sf ~ 
. - a he f 
‘ \ . ? vi 
et set ; 
i en nN 
5 4 bos I i 
: ; , mina 6 A i 
ae wens os asia : 
+n Mls ss 
Aa \f =i i 
: omc ee eer a pete mc gdh Se 
* — 
oe, a OY ear eu Oo. 
af et. 4 "| } 
‘ pe 
te 


a] : 3 oe 
we. 


ae El, Qe weer. wii oats hah shi i 


That SA SRS ag OMT TIMERS fa a 
7am BS Mites 2 wy es ay v1! 
> ee v 
7 " 
‘ a i. 4 
5 
i i 


se 


STRESS CHANGE ( kPa ) 


3000 
ne 


1000 2000 


-0 


~1000 


ii Scie aintae 
{ ‘ ‘ ‘ ‘ ’ . . ~ . . x v 4 4 ‘ ‘ é ’ 
‘ ‘ ‘ ‘ x x . ~ . . x ny ‘ ‘ ‘ ‘ ‘ ; 
v x . . nd : = my : s - ‘ ‘ é i é ¢ 1 
| x . : : - - = - - - = x ‘ ‘ ‘ ¢ - { 


Page 876 


Duration of Heating € Injection = 6 Months 
Compressible Boundary At Production Zone 


LEGEND 
o—s Radial Stress 
@—® Tangential Stress Change 
o—« Vertical Stress Change 


ed es rl 


RADIUS @) 


FIGURE L4.4 Stress Changes Around tae shatt. Alter 
6 Montins Jor Joream Inject ron 


FIGURE L4.5 Deformations Around the Shaft After 6 
Months of Steam Injection 


DISPLACEMENT SCALE 11100 


1. Ste Sie: 
{ 


f 


a us 
{ 
| i ae mm Bed a iii sn sentra: 
| oy wae binges ta eer 
* » 
Y t z ; 


5 Lp 
am tl ; 


: a @ 
ah ON a ey eon ee ar Mh # ait ey an 
e F " J 
oe e ay a 1 ‘y ~ ED} 


a kerr, Tiedté or + 


STRESS ( MPa ) 


—— 


—-+—- 


Page 877 


Duration of Heating & Injection = § Months a] 
Compressible Boundary At Production Zone 


LEGEND 
s—s Radial Stress 
o—e Tangential Stress 
Se Loe meres Se craig ae ioe | Lo a 
10 20 30 uo 50 60 70 


FIGURE L4.6 Effective Stresses Around the Shaft 
After 6 Months of Steam Injection 


“ei ~ | ’ > Se 


; ye ae » Weis a ae 
z — y ‘ ' ie chs 
1 24 


7 ¥ 4g 
oe t ‘ a natal wi 
, ea ‘ ‘a ny tf ; ( 
t * 
‘ z 
P psy 
ry 
a: f “1 
"i fhey - 
j - SS pe 
| re ' Oe hi 
: ! ¢ ‘ 
a 
~@ “S ‘ 
spel yt eg na 
a | 
wow’ € = mirewel » petra We melee 
" a 
ca) 
\ , . 
wot las ot rete deer 
' 7 x iy " 


~ a -4 
entation amy i ie a ae ly ——— a a 


I YL taper te 20) treat ae aa 4 { A 
oil od eae aes ‘ ro ey jane Amo 7 aX 
r <* perce iy : Pibee A 34 ; ; ‘T 
parts fates . as 
; : 
i 
; = | 
U 7 I 
se ie 
J { 


STRESS CHANGE ( kPa ) 


1500 


1000 


-0 


-500 


Page 878 


10 20 30 UO SO 60 70 
RADIUS (a) 
FIGURE L4.7 Stress, Changes Around tne Shatt Atter 
Year Of Steam Injection 


PiIGURE Ea 3 Deformations Around the Shaft After ] 
Year oT si1eam Inject ton 


DISPLACEMENT SCALE 11100 


a 


: niet ee Si 4 Wa aes 


‘ 
= J 


- y 
i 
re — _— - ee eT | So ge ae 


ue om, a6 eh E pt 


hed wilee , ae 4 i. fea 

q r jong i aa 

i Aa ef ee a | 
hate, wey laid A eprint ne *. vw: JPN 10) 


oA nate v3 eat Hh. OS 
4 : ay en 


STRESS ( MPa ) 


Page 879 


Duration of Heating € Injection = 1 Year 
Compressible Boundary At Production Zone 


= | a oe ee Oe ee 
acre Hapa eran Stee a 
r : LEGEND 
s—#® Radial Stress 
o—® Tangential Stress 
r o——« Vertical Stress 


0 10 20 30 40 50 60 70 
RADIUS () 


FIGURE Ea. 9 Effective Stresses Around the Shaft 
At Terrl Yeag Of oleanal n tection 


a 


Vea PPA | | Ser) Lah Oe Vi 
by. “i iy ma iD 
i oe un at ite 
te AN ee 
ie. ie Sie 1; Ne Mh, { 
j P : : 
= i, vay 4 \ 
. ; nv 
: " se i Won: 
\ Pa baetie Cis ; 
ois ree) We NTS 
j ish 
ae \h ¥ pa es 
vd joey 
i 
\ ? ae ot 
ee iam 


_ 

r~ ALD 

i * iF » 
4 ' 


vt 
i 
~ 7 7 
e ; Pisa n 
i 
i 
£ yf 5 
A “4 be 
- . ee eee ae sn. a meee ts 
¥ al r 
2 
; y 
5 r 
j f 
at a 
' he id . 
“a? ? * Agee “teaattoas ae rare 
. i 
ER ae eto OF PNREMR SiR octet 
i 
= ; aa \ vat 
\ - - 


per ere wi 


d unp 
= ‘ : sett a 


an aaa 
, is 

ee eet era tiled oa 7 } f 

Ee ere) oh Le Peay oT eee Oa 


iH ae er oe Os biter Ghent 
iy ts ye (ae ie weak Het ta { 
1 a : ory roel) OT baal ion 


chy iy hee rain y ener: ae Laie, Cer SWAG 


2 ney 


vag eh oven ole 1 tend | 


STRESS CHANGE ( kPa ) 


500 1000 1500 


-0 


-500 


Page 880 


~ Compressible Boundary At Production Zone 


at 


LEGEND 
S—® Radial Stress Change 
o—e Jangential Stress Change 4 
r +——~+ Vertical Stress Change 


RAOIUS (a) 


FIGURE L4.10 stress Changes Around the Shaft After 
4 Years of Steam Injection 


FIGURE Sia ia Deformations Around the Shaft After 4 
Years wr “Steam tnjsehion 


DISPLACEMENT SCALE 1:100 


a Siew 7 A Pa ei 
( as ae 
We) 
4 
} i Wik 
; 0 i) nae 
n 
: ; ! 
Flim ah ¢ ee hailies ae nap tenement om ae 
Fs ly P et 
7, * Oo. 
! eM , 
riley vi kh mabgnet > Gallia Oe pees “ 
gm 
mbar? as ai I a al maciordl ba beh : ia 
4 7 
ce 2B iy 
ut 
~ 
: ’ ra 
A, 7 - 
e; 
“———. we 
4 . oh. ik. eo: eres inches TE ji 
7 + BR ei we Ap SA ra Ath lira as ply li 
3 A ae ae. 
‘ é ‘ . 
= Pry. ; 
WHS, . ' 
' en bers : 
% ) sage ll 
= ea etree Asal ark tiny ine 
= ar 4 a : r 
i 
" o ee i. ae 
“4 I i 7 x Wp s 
‘ 2 oa LF 
anne . 7 
, em ly - iL ba 
= seen SRE ee ike — See = oy — 
pint a g a OS 
" ' mn 
i 
, : uy a 
; i Pe aN" 
eo sone wiping ace pt tye flr i a mere cathe hi 
= , = , Visa ; 
Oe > MS. i 6 A: Gt 
a 7 U 3 - 
‘“” Ge fail St 4 i poor 
t : >s md ; 
ehicd t bg oe 
, ‘ a F 4 % 
‘em ainy DAWA Bagnall) cies BE vt el SRO 
ont |, A. x ¢ : let ae ae Oe 
¥ in thom ng 4 é 
AS Rea Ae), gael at ain ie ‘lee te ty “eet ‘oor 
ase ar : a i Pe ve L Lex . Sa mp vile uae me Or 
= ’ ~i 2 7 ' ane aie yee - 
3 in be i i 
i ‘ Rie on i i 
: a a : as 
=f ; a 
£ i 
. (i : fi Y sey ) i 
j it oy AL | ass 
‘ rh } 
: 5 PS AP leks | rT 
s * wi Pel, : 
hoe fs = ' 
3 : i Ks +e) 
= r Pa ie ae Ne 
; ary Me, ar ony 
Vy 
: 1 => oS ee oi — 
‘ i 
a ‘= 
Li Aa ee, ie Oe Des tPF, y J 
2 iat ¥ : ‘ 7 ; 
: 4 os i ai i”; 
4 < i Ke wey. ' : +e 2 =i 
=> iw a | i 
) <a x J 
' i of : *y AE h = oie A] 
a “ Bathe Behe neo cial ac a Fava bas. Se ios emia 4 ak scale Pape pal fl 
t va : 7 oe . ' oe ¢ i \ e 
j = ah ayy, io) % é - 
= t f ‘ a ogg aS 4°78 y. 4 ’ 
" Sn hi 
’ ; ‘ 
ra y ' a ‘ ¥: oe ’ a i 
oe : i*- all 
; ; Rh a ‘ ; é : - i 4 uae | 
‘ 1 
+. é ete oer * LA 4 7 = 
> 7 fy Be 


»? 
a a Bx ep Potted il 


ry ke ; : 2 a eS 
Ci a AS, oy Se a She gAga19 
{ we - 
bs rey as | : 
g ot ta 


STRESS ( Pa ) 


ial | pigietars 


FIGURE 


Duration of Heating € Injection = 4 Years 
Compressible Boundary At Production Zone 


s——a 


[eae WZ 


LEGEND 

Radial Stress 
Tangential Stress 
Vertical Stress 


Effective Stresses Around the Shaft 
After 4 Years of Steam Injection 


Page 881 


ay 
o - 
i 2 
=f 
sav 
a} x 
~ 
i 
ga ye 
\ 
{ 
” 
‘ 
ate e e ~ salu ny I heey Ae ~ renee aed coetlies heard 
+ \ ; 
fy - i . = —_- : ey 
P . i i | 7 
1. eee fe okey © Qaea fede : 
” a ahr A eeOND aeew 
sal >, i] ; 
, = ¢ 2: a 
4 - ' 
ei ’ + as z ; A 
ato 4 “x ia PP aaah wenn Me 
1 Aen ‘ hg eh Tie |e ber vi rat eal 
= >. toy % ‘¢ *% ¥ 
: OF Se te othe tee oe ner a Uae Psp 
: i 5 a 4 ‘ As 
. a) eae) ol j { 
‘es xe 
= oe 
x ist é 
H 
G = oy i. 
f J 
i 4 ‘ 
; - bug eth apalaruaa an a ee es Se eee Oe 4 


at com oy a 2 fea Mu uP 
a ; OR) gr aa 9 ay i 


‘ ae } 
' ‘ » BY ee J ¢ 
‘ Ke ie % any i bat Kin ui 
A Pie See iv densa Nice tr ovpheet Pe » Sypiah4 a 
rar sash Adare me pir" Ai riety 
ex i : 
a ' | ' 
’ ’ Vial, a 
+f gy! F 
ey = - 4 ; i “ERTS >is 
i AT \ ' 5 i 
: @ | a 74 { 
“< ‘ P ae i , 7! pe A 
Po ha | - vill ys 


Drained Analyses 


Thermal Stress Changes and Deformations Adjacent to a 
Shaft Assuming Drained Conditions 


‘ 
( 
bs ~ 
ik 
+7. 
j 
j 7 
“= 
~ 
‘ 
t 
a 


a re 5 ; 


ee ie, ee oe 


* 


Pe 
Vara ys 
Das? Oe ier 
\) Nile \ PR Pe 
ms if 
* ry aes ; 
4 ote bald 
“ CALL nf Wauaa at 
‘ j en i 7 
} Pe ah ALN, bt pd 
; joni “obs “4 byaa | ee ial 
j 1% Ai ie i vi ® 


ive wh ett Tamgeh om bas Sag rman(hs? Hest? Tamed? 


' 
= 
- 
6 
i 
( 
‘ 
‘ * " 
; 
} 
4 
ni 
j 
f 
‘ 
fe ¥ 
‘ ‘ i 
a | 
oe 
é th 
‘ 
’ 
: 
%s 
| 
A A 
; 


; : > e c iy oa, ep . 1 
‘ wi let Sim tee a eas fy ; Lunian 
| , he hy 1% Ve nuiiwee 
iy * 


aay t i oy ’ - 
a ray We =a | 7 £ 
: Pa I= ¥ my, a >» ’ 
‘ : ‘ . eS A i? ae : 
vi 7 At dey re a hs 
‘4 i ' be , 
} 
- f 
: : +1 / F ; 
! ‘ a} rin 
§ + A 
a / z x 
a ’ mar 
=) x 4 
1 Hey a 
’ na : Bal (De 
\ Ne Ag 
\ ay 
P J x: Ae 
‘ tf 
‘ a : 
- : f i } 
‘ - J uf 
‘ cs - 
) a 4 
Ls yy 
gaey tenn, ven! ty a 


mon Tease buna} gertnunes TTahe 


STRESS CHANGE ( kPa ) 


Page 883 


Duration of Heating € Injection = 1 Month. 
Compressible Boundary At Production Zone 


Radial Stress Change 
Tangential Stress Change 
Vertical Stress Change 


10 20iy, 30 4O 50 60 
RADIUS (w) 


FIGURE L5.1 Stress Changes Around the Shaft After 
1 Month of Drained Heating 


4 


FLGURE BSe2 Deformations Around the Shaft inieiaan 
Month of Drained Heating 


DISPLACEMENT SCALE 11100 


70 


, 
o 
é 
{ 
¥ 
- 
x 
i 
. 


: ary : re ) a 
; Y j Ne > rt | ' 640, LY 

alee nn See Soe. 1th a enema mn a meen Giemsa a, 
-s a8 ™ ; “ ae . 
vA hf : ct of i : ay A 
‘4 5 tet dance mB] i cE Los : 

' : he ee + fe 7 
4 b : : oe AS ah 


a coe 


hj 


4 re ier ehh ct 


( d , ; 
= a] ee x 


- - . | tS 
ir” emanate aetna ne sean irabpcliah eh ll *4 
, ‘Ura ‘ tad ; 
e ts 4 “a " 
Me ah 


cm eres ht ae a, cay ig i, a, i at, ii 


j ; ‘ana oe ji F “ 
7 . re HEC. Laie (Oe 2 tere 
hot) poe. eam » etic diieie if 
a cent tesree acemnn. e F 


cn : 5 
‘ o 
A a's fi rm oa 
- 2 F ‘I wh 
i 
| ¥\ i 
iy = ™ 
; ‘ ae 
ct ¥ P ' al 
© er eee ee ee Oe peek 0 eatin ela 6 oti is apm gr ems em: 


oe, Ut! Whee ee ni 


as 
‘ 
4 
uA 
‘ 
yi pie ' 7 2 
- e . - = e a » 7 
a : U 
‘ 
i «4 
a - a a ™ mi ° \* e = ‘., 
E ‘ ATW po ' 
- ; Ss) 
: +h, 
i i > 
- ih) Mates i a ro or oe accent eee orn cm 
a, 7 ‘ ots ; mA 5m 
‘ wri i ’ 


ie f So 


{-7eGR tors we ae nui + entadln ‘ ‘RS aaa 4) 


ve re Ye “a wy 


a FE ith wal oe 


STRESS ( MPa ) 


Page 884 


Duration of Heating € Injection = i Month 


Compressible Boundary At Production Zone 


LEGEND 

Radial Stress 
Tangential Stress 
Vertical Stress 


10 20 30 uO 50 60 
RADIUS i) 


PIOUNS Lad Effective Stresses Around the Shaft 
After 1 Month of Drained Heating 


a) 


ah 


id ete i as 4 
TA | A = ‘ 
=e ba ie 4 " Xs : 
; apr A Py ’ 
1 4 a " Tee 
° a) ae 
r= ; ae a 7 Wiis 3 
¥y | 
" ae ay 


: oe as Oe 
Ta 
ei 

wa ‘ i 
i a " 


1 é ah | t hae af i oF 
PAL, eee had shih ep, 
: ~ =) 7 
j fF | 
= cal 
; = ; A) 
wiper “ 
kel Pe 
2 i oes A Wo 
rs cs i 4 y a | 
" q A oy | ba 
J nrc) kik a 
ror i ‘ / of | i 
oF “s ry: he 2 ie : 
F3 r . ea ive ane sha ahee 
iy i oe na A 
’ te AO an 
‘ len id Aa, “ 
ef . ‘ Py 
ALES z 
Ao el hn hl wa gpl nas GY ma Rhian oie 
: wig 


WAY iz ni hal 


‘g uty { We aan 7" 
he ie we itl coe * tae 


roa i i 


: 
ry 


STRESS CHANGE ( kPa ) 


500 


250 


-500 


Page 885 


Duration of Heating € Injection = 1 Year 
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Duration of Heating € Injection = 1 Year 
Compressible Boundary At Production Zone 
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Duration of Heating € Injection = 4 Years 
Compressible Boundary At Production Zone 
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FIGURED [S07 Stress Changes Around the Shaft After 
4 Years of Drained Heating 
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Duration of Heating € Injection = 4 Years 
Compressible Boundary At Production Zone 
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FIGURE 5.9 Effective Stresses Around the Shaft 
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Duration of Heating € Injection = 1 Month 
Compressible Boundary At Production Zone 
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Duration of Heating € Injection = 1 Year 
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FIGURE L6.3 Stress Changes Around the Shaft After 
1 Year of Undrained Heating (constant 
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FIGURE L6.4 Deformations Around the Shaft After 
Year of Undrained Heating (constant 
thermoelastic coefficients) 
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Duration of Heating € Injection = 4 Years 


Compressible Boundary At Production Zone 
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FIGURE L6.5 Stress Changes Around the Shaft After 
4 Years of Undrained Heating (constant 
thermoelastic coetticients) 


FIGURE L6.6 Deformations Around the Shaft After 4 
Years of Undrained Heating (constant 
thermoleastic coefficients) 
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Duration of Heating € Injection = 1 Year 
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FIGURE L7-5 Deformations Around the Shaft After 1 
Year of Transient Undrained Heating 
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FIGURE L7-8 Deformations Around the Shaft After 4 
Years of Transient Undrained Heating 
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Duration of Heating € Injection = 1 Month 
Compressible Boundary At Production Zone 
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PIGURE «LS Stress Changes Around the Shaft After 
1 Month of Steam In ection in Shale 


FIGURE hS..2 Deformations Around the Shaft After 1] 
Month of Steam Injection in Shale 


DISPLACEMENT SCALE 1:100 
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Duration of Heating € Injection = 1 Month 
Compressible Boundary At Production Zone 
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‘ e—s Radial Stress 

@—e Tangential Stress 

o—~ Vertical Stress 
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FIGURE L8.3 Effective Stresses Around the Shaft 
After 1 Month of Steam Injection in 
Shale 
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Duration of Heating € Injection = 1 Year 
Compressible Boundary At Production Zone 
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FIGURE L8.4 Stress Changes Around the Shaft After 
1 Year of Steam Injection Jn Shale 


iF HGURE  jueio5 Deformations Around the Shaft After 1 
Year of Steam Injection In Shale 
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Duration of Heating € Injection = 1 Year 
Compressible Boundary At Production Zone 
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FIGURE kea6 Effective Stresses Around tne Shaft 
Arter | Year of Steamiinjection in 
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Compressible Boundary At Production Zone : 1 
LEGEND : 

s—o Radial Stress Change 

o—e Tangential Stress Change i 
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RADIUS (a) 


PLSURE (ES'.7 Stress Changes Around the Shaft After 
4 Years of Steam Injection in Shale 
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FIGURE L8.8 Stress Changes Around the Shatt After 
4 Years of Steam Injection in Shale 
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Duration of Heating € Injection = 4 Years 
Compressible Soundary At Production Zone 
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FIGURE L8.9 Stress Changes Around the Shaft After 
4° Years ot Steam injection in Shate 
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